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ABSTRACT
DNA in the eukaryotic nucleus is complexed with histone and non-histone
proteins into chromatin. Nucleosomes, the basic repeating unit of chromatin, not only
package DNA but are also intimately involved the regulation of gene expression. All
DNA transactions including replication, transcription, recombination and repair take
place in such a chromatin environment. Access to packaged nucleosomal DNA in vivo is
mediated at least in part by protein complexes that modify or remodel chromatin. Buried
sequences in nucleosomes can also transiently become accessible to DNA binding
proteins during cycles of partial, reversible unwrapping of nucleosomal DNA from the
histone octamer. We have investigated the ability of the human, bifunctional DNA
glycosylase, endonuclease III (hNTH1), to initiate base excision repair (BER) of
discretely positioned oxidative lesions in model nucleosomes. hNTH1 was able to
process a thymine glycol (Tg) lesion almost as efficiently as naked DNA, when the minor
groove of the lesion faced away from the histone octamer. Lesion processing did not
require or result in detectable nucleosome disruption, as assayed in gel mobility-shift
experiments. Instead, hNTH1 formed a slower migrating enzyme-nucleosome ternary
complex that was found to contain processed DNA. Processing of an inward-facing Tg
residue located just 5 bp away from the outward-facing lesion was much reduced and
processing of a sterically occluded Tg residue positioned closer to the dyad center of the
nucleosome was even more reduced. Notably, processing of both inward-facing lesions
was found to increase as a function of enzyme concentration. Restriction enzyme
protection studies indicated that access to these inward-facing lesions did not entail
nucleosomal translocation or sliding. Collectively, these observations are consistent with
a model in which hNTH1 binds to lesions during cycles of reversible, partial unwrapping
of nucleosomal DNA from the histone octamer core. To further investigate this partial
unwrapping hypothesis, we studied the kinetics of hNTH1 processing of sterically
occluded lesions in greater detail. Our results suggest that efficiency of processing of
inward-facing lesions is a function of both DNA unwrapping and rewrapping rates, and
enzyme affinity for the lesion. In addition, we determined that APE1 which catalyzes the
second step in BER, exhibited an increasing capacity to process inward-facing furan
residues as its concentration was increased. Thus as with hNTH1, we hypothesize that
APE1 can capture occluded furan residues during cycles of partial DNA unwrapping. We
propose that cellular regulatory factors benefit from this intrinsic, periodic exposure of
nucleosomal DNA exposure in vivo, which may be amplified by the downstream
recruitment of remodeling and / or modifying proteins to facilitate DNA transactions in
the cell.
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CHAPTER 1: INTRODUCTION

1. Eukaryotic DNA repair pathways and the impact of chromatin
DNA in all organisms is subject to constant damage from endogenous and exogenous
sources. Several repair pathways have evolved that remove or tolerate these damages thus
preventing cytotoxic or mutagenic outcomes and contributing to the maintenance of
genomic stability. The different repair systems with an emphasis on eukaryotic pathways
are discussed below.

DNA Repair Pathways
1.1.

Direct Damage Reversal

1.1.1 MGMT (O6-methylguanine DNA methyl transferase) – mediated

repair of alkylation damage.
Exposure of cells to alkylating agents can result in N-alkylated or O-alkylated
purines, pyrimidines and phosphotriesters. O6-methylguanine and O6-ethylguanine are
among the major alkylation products that can mis-pair with a thymine, resulting in GC 
AT transitions. The O6-methylguanine methyl transferase (MGMT), in a novel single step
suicidal reaction, catalyzes the transfer of the alkyl group from O6-alkylguanine, and to a
lesser extent from O4-alkylthymine (a minor alkylation product), to an internal cysteine
residue in its active site. This results in protein inactivation and subsequent ubiquitylation
and proteolysis [for review see (Pegg, 1990) and (Margison & Santibanez-Koref, 2002)].
Despite its evolutionary conservation across prokaryotes, archaea and many eukaryotes
(not detected in the plant kingdom so far), MGMT is not required for cell viability.
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Studies with various MGMT-deficient cell types have revealed elevated levels of
alkylation damage-induced mutations. MGMT knock-out mice are viable but sensitive to
alkylating agents with higher levels of spontaneous tumorigenesis (Tsuzuki et al., 1996).
The cytoxicity of O6- alkylating agents, including procarbazine and N-methyl-Nnitrosourea (used as anticancer chemotherapeutic agents), is attributable to the mutagenic
potential of O6-alkylated guanines and importantly, a functional methyl-directed
mismatch repair pathway (MMR pathway- discussed later). Specifically, removal of a
patch of newly synthesized DNA containing the mispaired T (opposite O6-alkylguanine)
can leave a gap that in the next cycle of replication could result in potentially lethal
double strand breaks. Indeed, overexpression of MGMT in mice resulted in decreased
frequency of N-methyl-N-nitrosourea-induced tumors in the liver or skin (Nakatsuru et
al., 1993; Becker et al., 1996; Zhou et al., 2001). Predictably also, MGMT-mediated
reversal of such alkylation damage (and consequently reduced DSBs) is associated with
reduced cytotoxicity and increased resistance to some anti-cancer alkylating drugs [For
review see (Margison et al., 2002)].
Another mode of direct damage reversal has been observed with E. coli AlkB,
which is induced along with Ada (bacterial homologue of eukaryotic MGMT) and AlkA
(discussed in a later section) in response to alkylation damage (for review see (Sedgwick
& Lindahl, 2002)). AlkB has been shown to repair and restore methylated bases such as
1-methyl adenine and 3-methyl cytosine in both single and double-stranded DNA in vitro
(Dinglay et al., 2000). In an unusual mode of action involving oxygen, ketoglutarate and
Fe(II), AlkB catalyzes oxidative decarboxylation of ketoglutarate coupled with
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simultaneous hydroxylation of the methylated base (Falnes et al., 2002; Trewick et al.,
2002). The hydroxylated methyl group then spontaneously decomposes to formaldehyde,
restoring the original base. Three human homologues of AlkB are now known- ABH1,
ABH2 and ABH3. While the function of ABH1 is still not clear, ABH2 and ABH3, like
AlkB, belong to the superfamily of ketoglutarate and Fe(II) dependent dioxygenases, and
function in the repair of 1-methyl adenine, 1-ethyl adenine and 3-methyl cytosine.

1.1.2 UV damage reversal via photoreactivation.
UV light-induced DNA damage such as cyclobutane pyrimidine dimers (CPDs)
and 6-4 photoproducts can be reversed by proteins belonging to the photolyase
(cryptochrome) family that utilize the energy of visible light to break the cyclobutane
ring of the pyrimidine dimer (for review see (Thompson & Sancar, 2002)). These
proteins contain two non-covalently bound chromophores- Flavin (FADH) and either
methenyltetrahydrofolate (MTHF) or deazaflavin. The photolyase can bind DNA damage
in a light-independent manner but repair occurs in the presence of light. Light energy
(photon) is absorbed by the second chromophore (MTHF or deazaflavin) and transferred
in a step-wise manner to FADH- that in turn transfers an electron to the pyrimidine dimer
resulting in cleavage. A back electron transfer process then restores the dipyrimidines and
the catalytic flavin (Sancar, 1994). Photolyases have so far been found in bacteria,
Saccharomyces cereviceae, Drosophila melanogaster, Xenopus laevis, marsupials and
many plants but have not been detected in higher mammals. Functionally divergent
homologues of photolyases in humans (CRY1 and CRY2; for cryptochromes) have been
3

found that function in regulation of circadian rhythm and are not thought to be involved
in DNA repair. CRY1 and CRY2 are expressed in many tissues such as liver, testis, brain,
retina and function as circadian photoreceptors. These are thought to function
antagonistically with cry1 -/- and cry2-/- mice showing shortened and lengthened
circadian periods, respectively (van der Horst et al., 1999). This reveals an interesting
evolutionary divergence in protein function. More elaborate repair machinery exists in
higher mammals to repair UV-damaged DNA as will be discussed in later sections.

1.2 Mismatch repair
DNA Mismatch repair (MMR) is among the several repair pathways conserved
across species. The MMR pathway is known to repair mismatched bases that arise during
DNA replication, homologous recombination or DNA damage. The main substrates of
MMR include normal base mismatches that occur spontaneously (e.g. through
deamination of 5-methyl cytosine resulting in a G:T mismatch; also G:G, A:C or C:C
mismatches), or due to mispairing with alkylated bases such as O6-methylguanine. The
MMR pathway also targets Insertion Deletion Loops (IDLs) that could give rise to
frameshift mutations. A subset of MMR proteins acts to repress recombination between
divergent sequences and mutations in these proteins results in a hyper-recombinogenic
phenotype. Deficiencies in MMR have been associated with a mutator phenotype with
elevated spontaneous mutation rates and increased microsatelite instability at mono and
dinucleotide repeats. MMR defects are also associated with increased predisposition of
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individuals to hereditary nonpolyposis colorectal cancer (Jiricny & Nystrom-Lahti, 2000;
Fishel, 2001).

1.2.1 Methyl-directed mismatch repair
The methyl-directed mismatch repair pathway in Escherichia coli enhances the
fidelity of DNA replication by ~1000x (Modrich & Lahue, 1996; Harfe & JinksRobertson, 2000). MutS, MutL and MutH are the key players with MutS and MutL active
as homo-oligomers. Recognition and binding of mismatches (or 1-4 nt Insertion Deletion
Loops) by MutS occurs in the presence of ATP and is followed by recruitment of MutL.
MutH is a latent endonuclease that selectively nicks the unmethylated, nascent DNA in
hemimethylated GATC segments located within 1 kb of either side of the mismatch. This
is followed by loading of single-strand DNA binding protein (SSB) and helicase II at the
nick, facilitating displacement of the nicked DNA. Biochemical and genetic studies have
implicated the 3’- 5’ exonucleases ExoI and ExoX, or the 5’- 3’ exonucleases RecJ and
ExoVII in removal of the stretch of DNA between the nick and mismatch (Viswanathan
& Lovett, 1999; Burdett et al., 2001). These proteins confer bidirectionality to the MMR
pathway. Repair synthesis by Pol III followed by ligation completes the repair process.

1.2.2 Mismatch Repair in Eukaryotes
The MMR machinery in eukaryotes is generally conserved, with 6 homologues of
MutS [Msh1-6p (MutS homologs 1-6)] and 4 homologues of MutL [Mlh1-3p (MutL
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homologs 1-3) and Pms1p] found in budding yeast. Unlike their prokaryotic counterparts,
these proteins function as heterodimers. Genetic studies in fission yeast with msh2 and
msh6 mutants were associated with elevated levels of insertion mutations at GT
dinucleotide repeats, suggesting that Msh2p-Msh6p function in repair of +1 IDLs. The
Msh2p-Msh3p heterodimer plays an important role in repair of 2-8 nt IDLs. Msh1p is
known to be involved in mitochondrial MMR while Msh4p and Msh5p promote crossingover during meiosis.
The MutL homologues have been found to occur as 3 heterodimers with Mlh1p
being a common subunit, as revealed by co-immunoprecipitation and yeast two-hybrid
studies (Wang et al., 1999). Mutations in PMS1 (post meiotic screen 1), that encodes a
MutL homologue identified in a screen for post-meiotic segregation defects (Williamson
et al., 1985), result in a strong mutator phenotype similar to that seen with msh2 and mlh1
mutants. Also, single pms1 or mlh1 deletion mutants were phenotypically similar to a
mlh1 pms1 double mutant as indicated from genetic studies in yeast, consistent with a
major role for the Mlh1p-Pms1p heterodimer in postreplication repair (Prolla et al.,
1994). Mlh1p-Mlh2p and Mlh1p-Mlh3p have more specialized roles in repairing
frameshift intermediates [Reviewed in (Harfe et al., 2000)].
Although prokaryotic MMR has been reconstituted from purified components in
vitro, many components of the eukaryotic repair pathway remain unknown. In vitro
studies with human cell extracts have implicated PCNA (Proliferating Cell Nuclear
Antigen) in both gap-filling and initial steps of MMR (Gu et al., 1998). PCNA has been
shown to physically interact with MSH3 and MSH6 via a specific PCNA-interaction
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motif in the N-terminal domains of these proteins (Clark et al., 2000; Flores-Rozas et al.,
2000). Mutations in the PCNA interaction motif that abolish interactions between PCNA
and the MSH2-MSH6 heterodimer resulted in a partial mutator phenotype. In gel-shift
experiments, PCNA increased the specific binding of the yeast Msh2p-Msh6p
heterodimer to DNA mismatches (Flores-Rozas et al., 2000). Another study has shown
that MSH2-MSH6 is transferred by PCNA onto a mismatch (Lau & Kolodner, 2003).
Cytological studies with MSH3 and MSH6 have indicated that these proteins colocalize
with the replication fork (Kleczkowska et al., 2001). These studies indicate that PCNA
may help load MutS homologues onto newly replicated daughter strand at sites of
mismatch.
Studies in Schizosaccharomyces pombe have revealed a role for Exo1p, a 5’- 3’
exonuclease, in eukaryotic MMR and exo1 deletion strains of Saccharomyces cerevisiae
have been shown to exhibit a mild mutator phenotype. Exo1p participates in an Msh2pdependent MMR pathway and co-immunoprecipitation and yeast 2-hybrid analyses have
indicated that Exo1p interacts with Msh2p, Mlh1p and Pms1p (Tishkoff et al., 1997;
Amin et al., 2001; Schmutte et al., 2001). Although genetic and biochemical studies
suggest bidirectionality of the eukaryotic MMR pathway (Genschel et al., 2002), the
identity of possible 3’- 5’ exonucleases is still unknown. exo1-/- embryonic stem cells
were found to be deficient in both 5’ and 3’ nick-initiated repair suggesting a possible
structural role in 3’- 5’ repair in addition to its known involvement in 5’- 3’ repair. exo1/- mice tend to develop lymphomas and exo1-/- cells exhibit microsatellite instability and
a mutator phenotype (Wei et al., 2003).
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The mechanism by which the eukaryotic MMR machinery selectively repairs
misincorporated bases in the newly synthesized daughter strand in eukaryotes is largely
unknown. It has been hypothesized that the 5’ ends of Okazaki fragments along with
PCNA present at high density during lagging strand DNA replication could act as signals
to discriminate the nascent lagging strand (Pavlov et al., 2003). However, the mechanism
of repair on the leading strand still remains elusive.

1.3 Nucleotide Excision Repair
The NER pathway has evolved to repair a wide variety of bulky, helixdistorting lesions such as UV-induced cyclobutane pyrimidine dimers (CPDs) and
pyrimidine 6-4 pyrimidone photoproducts (6-4PP), cisplatin-induced crosslinks, DNA
adducts induced by chemicals like aflatoxinB1, N-acetoxy-2-acetylaminoflourene (NAAAF), benzo(a)pyrene and other genotoxic agents. Over 30 polypeptides participate in
the NER pathway, and defects in many underlie rare autosomal recessive human
disorders including Xeroderma Pigmentosum (XP), Cockayne syndrome (CS),
trichothiodistrophy (TTD) and UV-sensitive syndrome (UVSS), that all cause increased
sensitivity to UV-light.
One of the first links between defective DNA repair and carcinogenesis was
established in a study in which cells from XP patients were found unable to repair UV induced DNA damage likely accounting for increased predisposition to cancer
(Cleaver, 1968). Complementation studies indicated 8 genes involved in the disease
(XPA to XPG and a variant XP-V) studies on which have helped delineate the NER
8

pathway in humans. Xeroderma Pigmentosum was so named by Moriz Kaposi to
describe the typical symptoms in a patient- parchment-like skin and abnormal
pigmentation. XP patients exhibit heightened sensitivity to sunlight, ~1000x elevated
risk of skin cancers especially in areas exposed to sunlight and some cases are found
associated with neuronal degeneration.
NER in cells operates as two sub pathways, Global genome NER (GG-NER)
and transcription coupled NER (TC-NER) (See Ch1-Figure 1). GG-NER repairs
lesions in non-transcribed areas of the genome and the non-transcribed strand of
transcribed regions. The efficiency of GG-NER varies across the genome and is
thought to be influenced by the chromatin environment (Mullenders et al., 1991; Feng
et al., 2003). The TC-NER pathway specializes in removing lesions that block
transcription elongation by the RNA Pol II complex.
The GG-NER and TC-NER sub pathways differ primarily in the initial lesion
recognition step. In GG-NER, initial lesion recognition is followed by formation of a
pre-incision complex that includes XPC-HR23B (human homologue of Rad23 B),
TFIIH, XPA, RPA (Replication protein A) and XPG. Initial biochemical studies using
naked DNA substrates indicated that lesion recognition could be mediated either by the
XPC-HR23B complex or by XPA-RPA. Studies involving targeted UV irradiation to
generate local UV damage at defined locations in nuclei and fluorescence colocalization have revealed that the XPC-HR23B complex is responsible for initial
damage recognition. While XPC was found to co-localize with the UV-damaged site in
XPA-deficient cells, XPA was found to require XPC to be targeted to the lesion
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(Katsumi et al., 2001; Mone et al., 2001; Volker et al., 2001). XPC-HR23B recognizes
lesions such as cisplatin-induced cross-links that are more helix distorting than CPDs,
which are almost indistinguishable from undamaged DNA (Sugasawa et al., 2001; Hey
et al., 2002; Trego & Turchi, 2006). CPDs are recognized by a UV-damaged DNA
binding protein (DDB) which then targets XPC-HR23B to the site. DDB also seems to
play a role in damage recognition in chromatin (discussed in more detail later).
Assays probing permanganate sensitivity of DNA containing cisplatin-adducts
have revealed that XPC-HR23B binding can exaggerate lesion-induced local DNA
melting (Tapias et al., 2004). This is followed by recruitment of TFIIH by proteinprotein interactions with XPC-HR23B in an ATP-dependent manner (Araujo et al.,
2001; Riedl et al., 2003). TFIIH is a complex of 10 subunits (including a core complex
containing XPB, XPD, p62, p44, p34, p52 and p8, and a CDK activating kinase subunit
containing MAT1, MO15/Cdk7 and CyclinH). These constituents are arranged in a
ring-like structure that normally functions in RNA Pol II (and Pol I) transcription but
are also recruited to sites of UV damage during NER (Schultz et al., 2000). The ATPdependent helicases XPB and XPD in the TFIIH complex then catalyze respectively,
3’5’ and 5’3’ unwinding reactions, that open up 10-20 bp of DNA surrounding the
lesion to allow entry of additional NER factors (Schaeffer et al., 1993). The recruitment
of XPA, RPA and XPG results in formation of a quasi-stable ‘pre-incision complex’.
These proteins arrive independently of each other (Volker et al., 2001; Rademakers et
al., 2003).
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Whether the NER proteins assemble sequentially at the sites of DNA damage or
exist in a pre-formed ‘repairosome’ has been the subject of controversy. In vivo
experiments with fluorescently tagged NER proteins (GFP-ERCC1, GFP-XPB and
GFP-XPA) combined with photobleaching techniques (FRAP; fluorescence
redistribution after photobleaching) to study protein distribution and diffusion in the
nucleus have revealed that the proteins diffused in the nucleus with a diffusion
coefficient proportional to their respective molecular weights (Houtsmuller et al., 1999;
Hoogstraten et al., 2002; Rademakers et al., 2003). This along with the observation of
stable pre-incision complexes confirmed that NER factors assembled at the lesion site
sequentially.
The eukaryotic single-strand DNA binding factor, RPA is a trimeric protein that
participates in NER as well as in recombination and DNA replication, and binds single
stranded DNA via its OB (Oligosaccharide Oligonucleotide) fold domains (Henricksen
et al., 1994; Bochkarev & Bochkareva, 2004). RPA binds the non damaged DNA
strand in the DNA bubble formed by XPB and XPD, in one of two binding modes
occluding either 8-10 or ~30 nucleotides of single-stranded DNA, the latter being the
size of a fully open NER repair bubble (Blackwell & Borowiec, 1994).
XPA is a small protein that has recently been shown to interact with RPA via its
zinc–finger domain (Ikegami et al., 1998). Earlier biochemical studies suggested XPA
might be involved in initial lesion recognition but with XPC-HR23B now recognized as
the first factor involved in lesion recognition, the role of XPA in the NER process
largely remains unknown (Asahina et al., 1994). In one study, XPA was shown to have
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a higher affinity for kinked DNA structures like three-way junctions than DNA lesions
(Missura et al., 2001). Hence it was proposed that XPA may control assembly of the
pre-incision complex by probing the distortion in the lesion area, confirming the
existence of a lesion prior to further downstream repair.
XPG is a structure-specific endonuclease belonging to the FEN-1 (Flap
Endonuclease) family of endonucleases and its recruitment to the pre-incision complex
is mediated through its interactions with TFIIH (Araujo et al., 2001) (Lieber, 1997). It
cleaves flap or bubble DNA substrates specifically at the junction between the 3’end of
ssDNA and the 5’ end of dsDNA, as observed in the 3’ incision step in NER (Evans et
al., 1997; Hohl et al., 2003). The active site in XPG has been mapped to an ~100 amino
acid N-terminal domain and ~140 amino acids from the internal I-region that are
thought to fold into an active globular conformation (Hosfield et al., 1998). The ~600
amino acid spacer region separating the above two active site domains interacts with
TFIIH and RPA. This region also contributes to the XPG substrate specificity, allowing
for cleavage of bubble substrates that are not processed by FEN1 (Iyer et al., 1996;
Dunand-Sauthier et al., 2005). XPG also structurally stabilizes the pre-incision complex
and its presence (but not catalytic activity) has been shown to be required for the 5’
incision step by ERCC1-XPF, the next protein in the NER pathway (Wakasugi et al.,
1997). It is thought that XPC-HR23B leaves the complex following recruitment of
XPG, leaving a stable pre-incision complex (Riedl et al., 2003).
Both in vitro and in vivo studies indicate that ERCC1-XPF, a structure specific
endonuclease, is the last factor recruited to the site of repair prior to the dual incision
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step (Wakasugi & Sancar, 1998; Volker et al., 2001; Riedl et al., 2003). It is thought to
be recruited via interactions with XPA (Li et al., 1994; Saijo et al., 1996). In a reaction
that depends on the presence of XPG (not catalysis), XPF carries out the 5’ incision at
the single strand-double strand boundary of the repair bubble (Wakasugi et al., 1997).
Thus XPG and ERCC1-XPF carry out dual incision at the 3’ and 5’ boundaries of the
bubble respectively releasing a 24-32 nucleotide lesion-containing strand. Several
studies have shown that the two incision steps are uncoupled from each other
(Matsunaga et al., 1995; Moggs et al., 1996; Mu et al., 1996).
Following excision of the damage-containing strand, the resulting gap is filled
by repair polymerases followed by ligation of the nick. In an in vitro reconstituted
repair system RPA, the polymerase processivity factor PCNA (Proliferating Cell
Nuclear Antigen), RFC (Replication Factor C), POL δ or ε, and DNA ligase I were
necessary and sufficient to carry out repair (Shivji et al., 1995). RFC catalyzes the
ATP-dependent loading of PCNA onto the 3’OH terminus generated by ERCC1-XPF
incision. PCNA, a homotrimeric ring-shaped clamp that interacts with POL δ and POL
ε translocates along DNA to allow for processive replication, and ligase I then seals the
nick. A recent study has indicated that POL δ, in concert with Ligase IIIα/XRCC1 is
required for repair synthesis in quiescent cells (Shivji et al., 1995). Ligase I was found
to be active in NER primarily during the late G1/S phase whereas the ligaseIII/XRCC1
complex was involved in the ligation step in NER throughout the cell cycle.
The incision and subsequent repair synthesis steps must be tightly coupled to
avoid any mutagenic single strand repair intermediates. How this coupling occurs has

13

not yet been defined. It is thought that RPA, which is required for both the incision and
repair synthesis steps might form a liaison between the two (Riedl et al., 2003).
Another possibility is that the dual incision steps are in fact sequential such that the 5’
incision by ERCC1-XPF occurs first, allowing repair synthesis to begin at the free
3’OH terminus prior to the XPG-mediated 3’ incision.

1.3.1 Damage recognition and NER in the context of chromatin
Eukaryotic genomic DNA is packaged in chromatin, the fundamental unit of
which is the nucleosome. How the NER apparatus recognizes lesions in the context of
chromatin, is not completely defined. Efficient damage recognition and repair in
chromatin likely requires increased access to the damage site. This may be largely
mediated in vivo by the action of chromatin modifying enzymes that post-translationally
modify histones, and / or by ATP-dependent chromatin remodeling proteins that can
increase DNA accessibility in chromatin. However, histone modifying enzymes and
chromatin remodeling factors do not seem to have any specificity for lesions. Damage
recognition, must therefore occur upstream of any chromatin remodeling and must likely
be mediated by an NER-specific protein. Studies have shown that XPA, RPA and XPCHR23B display much reduced ability to bind lesions in nucleosomes (Yasuda et al.,
2005). DDB (UV-damaged DNA binding protein) has been considered a possible
candidate for damage recognition in chromatin. Localized UV irradiation studies
indicated that DDB is recruited to UV-damaged sites even prior to the XPC-HR23B
complex and also enhances XPC binding to CPD lesions (Wakasugi et al., 2002; Fitch et
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al., 2003). Also, UV-irradiation was found to induce tight association of DDB with
chromatin in human cells (Otrin et al., 1997). DDB was also found to have the maximum
damage affinity and selectivity among all NER proteins even though in vitro studies
indicate that it is dispensable for damage repair in naked DNA (Keeney et al., 1993;
Fujiwara et al., 1999; Araujo et al., 2000). Also, incorrect expression of DDB2 (p48
gene), the smaller of the two subunits of DDB (DDB1/p127 and DDB2/p48), is
correlated with the XP-E phenotype characterized by deficient global genomic repair of
CPDs (Hwang et al., 1999).These observations suggest that DDB might act to recognize
lesions in chromatin and induce a local conformational change allowing for XPC to bind
and recruit further downstream NER factors.
All processive DNA transactions (replication, transcription, recombination and
repair) call for displacement or disruption of nucleosomes to differing extents. Early
pulse-labeling and nuclease sensitivity studies by Smerdon and colleagues indicated that
specific nucleosome rearrangements occur during repair of UV-induced lesions in human
cells (Smerdon & Lieberman, 1978). Much later, Smerdon and co-workers proposed the
‘access-repair-restore’ model of repair in chromatin whereby repair proteins accessed and
repaired lesions in DNA made accessible through temporary displacement, disruption or
remodeling of nucleosomes, after which repaired DNA is reassembled into nucleosomes
(Smerdon, 1991; Gontijo et al., 2003). In vitro studies using cell extracts and purified
proteins have indicated that efficiency of NER in nucleosomes is reduced compared to
that in naked DNA suggesting that chromatin remodeling is required for efficient NER
(Araki et al., 2000; Hara et al., 2000; Ura et al., 2001). It is also known that the minimum

15

DNA length for NER to occur is ~100 bp which, interestingly, is contained in a single
nucleosome (Huang & Sancar, 1994).
Histone acetylation, which is thought to increase nucleosomal DNA accessibility,
has been found to increase following UV-irradiation and is correlated with enhanced
repair (Ramanathan & Smerdon, 1986). Recent studies have implicated histone acetyl
transferases (HATs) including STAGA (SPT3, TAFIIH-GCN5L acetylase), TFTC (TBPfree TAFII complex) and p300 as factors involved in increasing access by NER factors to
nucleosomal DNA. Interestingly, these HATs were also found to associate with DDB
(Brand et al., 2001; Datta et al., 2001; Martinez et al., 2001; Rapic-Otrin et al., 2002;
Teng et al., 2002). Among the ATP-dependent chromatin remodelers, ACF (ATPutilizing chromatin assembly and remodeling factor) was found to facilitate NER of a 6-4
PP in the linker region between two nucleosomes, in vitro (Ura et al., 2001). In addition,
yeast SWI/SNF has been found to facilitate repair of 6-4 PP and dG-AAF
(acetylaminofluorine adduct) but not CPDs positioned within nucleosomes (Hara &
Sancar, 2002, 2003). Further genetic and cell biological approaches are required to
confirm the role of these chromatin remodeling factors in NER.
DDB also associates with proteins involved in ubiquitin ligation (Shiyanov et al.,
1999; Nag et al., 2001). Groisman et al. found DDB to be a part of a large complex with
CUL-4A, ROC1 and COP signalosome (CSN), components of a ubiquitin ligase. This
complex has been shown to be recruited to chromatin following UV irradiation, and XPC,
DDB and CUL4A have been found to be targets for ubiquitylation. In other studies,
polyubiquitylated DDB2 was found to be rapidly targeted for proteolysis upon UV
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irradiation. In contrast, XPC ubiquiltylation was reversible and did not result in protein
degradation but seemed to enhance binding to lesion potentially by allowing for the
displacement of DDB and initiation of NER (Sugasawa et al., 2005). To summarize,
DDB very likely plays an important role in recognition of lesions in the context of
chromatin, and may recruit chromatin-modifying enzymes that may then facilitate
opening up of the chromatin structure.

1.3.2 Transcription-Coupled Nucleotide Excision Repair
TC-NER specializes in removal of lesions that block the elongating RNA
polymerase. GG-NER and TC-NER differ in the lesion recognition step in addition to
specific factors that function in one or the other pathway. XPC-HR23B is primarily
responsible for lesion recognition in GG-NER while in TC-NER, the stalled RNA
polymerase is thought to trigger the recruitment of NER factors to initiate repair. All
factors that participate in GG-NER, with the exception of DDB and XPC-HR23B, also
function in TC-NER. Studies with mice exposed to UV-B or chemicals indicate that TCNER is critical in avoidance of acute genotoxic effects and long-term consequences like
cancer. Defects in TC-NER are directly linked to Cockayne syndrome, first reported by
Edward Alfred Cockayne in 1936. CS patients display symptoms like severe neurological
abnormalities due to dysmyelination, dwarfism, bird-like features, tooth decay and
cataracts but unlike XP patients are not predisposed to skin cancer. CS patients have an
average life span of around 12.5 yrs. Measurements of strand-specific repair of CPDs
have revealed that CS cells are defective in TC-NER and specifically display impaired
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removal of CPDs from the transcribed strand of active genes (van Hoffen et al., 1993).
Another key feature of CS cells is the failure to resume damage inhibited transcription or
replication following UV irradiation (Mayne & Lehmann, 1982; van Oosterwijk et al.,
1996). Complementation analyses where the resumption of transcription following UVirradiation marked the end point (complementation), have mapped the CS defect to two
complementation groups CSA and CSB. A third group was also identified with mutations
in XP-B, XP-D and XP-G genes with both CS and XP symptoms. A fourth group was
found to display mild UV sensitivity with impaired TC-NER and failure to resume RNA
synthesis following UV exposure (Spivak et al., 2002). This condition is termed UVsensitive syndrome (UVSS) and these patients do not exhibit other symptoms of CS. Two
UVSS patients were found to have homozygous null mutation in their CSB alleles
(Horibata et al., 2004).
CSB, a 160 kDa protein is related to the SWI/SNF family of ATP-dependent
chromatin remodelers. The putative helicase domains in CSB are homologous to similar
domains in SNF2-like proteins with DNA binding DNA-dependent ATPase activities but
no helicase activity. CSB has also been shown to have chromatin remodeling activities
and has been found to bind core histones in vitro. CSB mutations resulting in CS are
recessive point mutations mostly occurring beyond the exon 5/6 boundary in the 22-exon
CSB gene. Recent studies have shown that co-expression of such CSB point mutants
along with a normally expressed, alternatively spliced CSB protein (first 5 exons of the
22 exon CSB gene fused with a transposon residing in intron 5) resulted in CS, whereas
the complete absence of the CSB gene product does not. This indicated that the presence
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of the truncated CSB fusion polypeptide in the absence of the wild type protein can
trigger the dramatic symptoms seen in CS (Newman et al., 2008).
Impaired TC-NER is believed to be responsible for the failure to resume
transcription, however, other factors are thought to be involved as well. Since most XP
cases are deficient in both GG-NER and TC-NER but do not display many of the
symptoms associated with CS, it is thought that the CS phenotype might be an outcome
of a global mild defect in transcription in addition to deficient TC-NER (van Gool et al.,
1997). TC-NER is highly conserved from bacteria, yeast to mammals. However, this
pathway was not detected in Drosophila and the bacterium Sulpholobus solfataricus
suggesting that alternate pathways must function in repair of transcription blocking
damages (de Cock et al., 1992; Romano et al., 2007).
Studies in bacterial TC-NER have revealed that a 130 kDa protein, Mfd1
(Mutation frequency decline; also called Transcription Repair Coupling Factor (Trcf))
essential for TC-NER in E. coli, functions to release the stalled RNA polymerase and
nascent RNA transcript in an ATP-dependent manner (Selby et al., 1991). NER factors
(especially UvrA) are then recruited to carry out repair. Similarly, in the budding yeast
Saccaharomyces cerevisiae, the RNA polymerase can be released and targeted for
ubiquitylation and proteolysis under certain conditions of damage (Woudstra et al.,
2002). The Mfd1 homologue in yeast, Rad26p in concert with its interaction partner
Def1p regulates this process by inhibiting ubiquitylation of the RNA polymerase. Under
conditions where lesions cannot be accessed or repaired, Def1p promotes recruitment of
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the ubiquitylation machinery, resulting in targeted degradation of the RNA polymerase
complexes, allowing repair to occur by alternative pathways.
In vitro studies have suggested that TC-NER in humans can occur without
displacement of the RNA Pol II, in contrast to TC-NER as seen in bacteria and yeast
(Tremeau-Bravard et al., 2004; Laine & Egly, 2006). Cell fractionation studies indicate
that a fraction of CSB, the mammalian homologue of the E. coli Mfd1 and Yeast Rad26p,
is associated with the RNA pol II complex and that this interaction is stabilized by DNA
damage (Tantin et al., 1997; van den Boom et al., 2004). Photobleaching studies and
ChIP assays indicate that CSB associates with RNA Pol II complex in chromatin in the
absence of damage. UV irradiation was associated with increased interaction of CSB as
well as recruitment of CSA to RNA Pol II as indicated by ChIP assays. Hence the RNA
polymerase stalled at a damage site appears to recruit CSB and CSA, after which NER
factors assemble at the site of damage to complete repair.
Global transcriptional studies have indicated that CSB might play a role in
transcription in general since CS-B cells display deregulation of gene expression as might
result from agents that inhibit RNA polymerase or disrupt chromatin structure (Newman
et al., 2006). Addition of CSB to stalled RNA polymerase at a CPD lesion was found to
promote elongation of the nascent transcript by just 1 nucleotide but did not result in
lesion bypass (Selby & Sancar, 1997). CSB also functions in turning on the expression of
a subset of genes following exposure to UV-light (Proietti-De-Santis et al., 2006). Rare
cases of CS occur where mutations in XPB, XPD or XPG result in a combination of XP
and CS features. In a recent study, it was shown that XPG helps stabilize the TFIIH
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structure. Thus destabilization of TFIIH in XP/CS patients might lead to impaired
transactivation of nuclear receptors and basal transcriptional deregulation contributing to
the clinical symptoms of CS (Ito et al., 2007).
The CSA gene product is a protein with WD-40 repeats (repeats often end with
Trp-Asp) that commonly mediate protein-protein interactions (Henning et al., 1995). Coimmunoprecipitation studies indicate that CSA exists in a complex with the E3 ubiquitin
ligase complex (DDB1, CUL-4A and ROC1/RBX1) (Groisman et al., 2003). The activity
of this complex is stimulated by binding of NEDD8, a ubiquitin-like protein to Cullin4A. The COP9 signalosome (CSN) was found to associate with the CSA complex upon
UV light exposure and induce removal of NEDD8, resulting in inactivation of the
complex. Thus the CSA-ubiquitin ligase complex is inactivated following UV-irradiation
and during TC-NER (Groisman et al., 2003).
XAB and HMGN1 are two other proteins that function in TC-NER but when
mutated do not cause heightened UV sensitivity. XAB is a TPR (Tetratricopeptide
repeats) containing protein that not only functions in transcription and pre-mRNA
splicing but also binds XPA and may function as a scaffold to coordinate assembly of the
TC-NER complex (Nakatsu et al., 2000). Studies conducted by Tanaka et al. and other
groups have shown that XAB also interacts with the stalled RNA polymerase in a DNA
damage and CSA-dependent manner (Fousteri et al., 2006). It is thought that CSA might
recruit XAB to the damage site since proteins containing WD motifs and TPR repeats are
known to interact (Neer et al., 1994).
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HMGN1 (High mobility group N1) is a protein that binds nucleosomes and
competes with the linker histone H1 to bind linker DNA. Studies with HMGN1 knock
out mice exhibited elevated UV sensitivity and UV-irradiated mouse fibroblasts were
found to display defective TC-NER (Birger et al., 2003). Recent studies have also
revealed that HMGN1 can interact with the stalled RNA Pol II in a CS protein-dependent
manner (Fousteri et al., 2006).
As noted above, mammalian TC-NER does not seem to require or involve
displacement and or degradation of the RNA Pol II complex (Neer et al., 1994;
Tremeau-Bravard et al., 2004; Laine & Egly, 2006). It is however thought that some
conformational change of the RNA Pol II must occur to allow lesion access to repair
factors. Backtracking of the RNA Pol II complex along with the transcription bubble
might be one mechanism to enable repair. The transcription cleavage factor TFIIS
stimulates RNA Pol II to cleave the extruded mRNA so that the growing 3’ end resides
in the polymerase active centre (Nudler, 1999). This allows for restart of transcription
following restoration of the template strand by TC-NER. The recruitment of TFIIS to
the RNA Pol II complex is CSA- and CSB-dependent. Also, TFIIS interaction with
RNA Pol II complex was found to increase following UV irradiation in repair
proficient cells but not in CSA or CSB-deficient cells with defective TC-NER (Fousteri
et al., 2006). The impairment of this step, as might occur in CS cells, likely results in
defective transcriptional restart accounting for the clinical symptoms observed in CS.
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1.4 Double-strand break (DSB) repair
Double strand breaks are among the most deleterious lesions that can lead to
mutagenesis, chromosomal truncation and rearrangements, apoptosis and cell lethality
(Dikomey et al., 1998). DNA microinjection studies have indicated that a single DSB
might be sufficient to trigger p53-dependent G1 arrest (Huang et al., 1996). Despite the
toxicity of DSBs, eukaryotic systems have evolved to utilize the controlled generation of
DSBs for essential cellular processes. Meiotic recombination involves the production of
DSBs by SPO11, a meiosis-specific protein, followed by a DSB repair process that locks
the homologous chromosomes together [for review see (Neale & Keeney, 2006)].The
programmed generation of DSBs during VDJ recombination aids in the generation of
antibody diversity (Weterings & van Gent, 2004). In addition, DSBs are generated
transiently in the topoisomerase II-mediated decatenation of DNA molecules (Schoeffler
& Berger, 2005). DSBs are repaired either by the error-prone non-homologous end
joining (NHEJ) pathway, or the error-free homologous recombination (HR)-mediated
repair. In lower eukaryotes such as yeast, HR is the predominant pathway while NHEJ
seems to be the main pathway of DSB repair in mammals (Haber, 2000). Also, different
classes of DSBs are found to undergo repair by one or the other pathway. NHEJ can act
accurately to join blunt-ended DSBs generated by breaks in duplex DNA while HR
functions to repair DSBs generated as a result of replication fork stalling (e.g. at a singlestrand break in the template DNA). Repair by HR, as the name suggests, requires a sister
chromatid or a homologous chromosome to serve as a template to restore the damaged
DNA and functions during late S and early G2 phases of the cell cycle. By contrast,
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NHEJ operates throughout the cell cycle while being the predominant repair pathway
during G0/G1. NHEJ is thought to be the main pathway of DSB repair in quiescent cells
as well (Takata et al., 1998).

1.4.1 Non-Homologous end joining
NHEJ repairs DSBs in a sequence-independent manner and can be accurate in the
repair of blunt-ended DSBs with compatible 3’OH and 5’ phosphate ends (van Heemst et
al., 2004). However, NHEJ can lead to sequence alterations when ends are incompatible
[for review see (Weterings & van Gent, 2004)] Genetic and biochemical studies have
identified proteins involved in NHEJ that are conserved from yeast to mammals; the Ku
heterodimer (KU70/KU80), XRCC4 and Ligase IV, and additionally in vertebrates,
DNA-PK (DNA-dependent protein kinase) (Critchlow & Jackson, 1998; Haber, 2000).
The Ku heterodimer is abundant in the nucleus, binds DSB ends with high affinity and as
described below, acts as an alignment factor to promote repair (Feldmann et al., 2000;
Walker et al., 2001). Ku is critical for precise NHEJ-mediated repair and studies using
cells and extracts deficient in Ku have shown high levels of inaccurate DSB repair
(Boulton & Jackson, 1996; Feldmann et al., 2000). Also, Ku-deficient cells exhibit
extreme radiation sensitivity and V(D)J recombination defects while KU70-/- and KU80/- mice develop severe combined immunodeficiency syndrome (SCID) and high levels of
chromosomal aberrations indicating a role for Ku in maintenance of genomic stability
(Zhu et al., 1996; Nussenzweig et al., 1997).
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NHEJ is facilitated by short patches of homology (1-6 bp) and as few as 1-2 bp is
sufficient to position the DNA ends with respect to one another (Roth & Wilson, 1986).
Crystal structure studies of the Ku heterodimer reveal a preformed ring that specifically
binds DSB ends. The Ku heterodimer makes no contacts with DNA bases and only a few
with the sugar-phosphate backbone. Nevertheless, it positions the DNA major and minor
grooves into a defined path through the protein ring, presumably allowing for broken
ends to be brought into alignment for repair (Walker et al., 2001). Once bound to DNA,
Ku is thought to recruit the catalytic subunit of DNA-PK (DNA-PKcs) to form a KuDNA-PKcs holoenzyme. Ramsden and colleagues used a cell-free system to show that the
DNA-bound Ku heterodimer also recruits the XRCC4-Ligase IV complex, which ligates
the juxtaposed DNA segments (Nick McElhinny et al., 2000). Autophosphorylation of
the DNA-PKcs is thought to induce rearrangements within the DNA-PK complex to allow
for the end-processing machinery to access the DSB (Ding et al., 2003; Reddy et al.,
2004). Recent studies by Ahnesorg et al. (Ahnesorg et al., 2006) have uncovered a novel
NHEJ factor, XLF (XRCC4-like factor, also called Cernunnos) that interacts with
XRCC4 in a yeast two-hybrid screen. XLF was also shown to interact with both Ligase
IV and XRCC4, in vitro. siRNA-mediated downregulation of XLF in cells led to
enhanced radiation sensitivity and impaired NHEJ. These observations led Ahnesorg et
al. to propose that XLF/Cernunnos might enhance the ligase function of the XRCC4ligase IV complex. Blunt-ended DSBs with 3’OH and 5’ P ends can be ligated in an
error-free manner by the XRCC4-Ligase IV complex thus restoring the DNA.
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NHEJ-mediated repair of more complex or ‘difficult’ DSBs that contain aberrant
ends (deviations from 5’P and 3’OH) or fragmented sugar residues or base damages in
the vicinity of the DSB require other accessory factors in addition to the core NHEJ
proteins. PNK (polynucleotide kinase) has been shown to process 3’ P and 5’ OH ends,
products of ionizing radiation damage via its 3’ phosphatase and 5’ kinase activities,
respectively. Affinity purification studies using whole cell extracts have shown that
XRCC4 interacts with PNK and may thus link the end processing and ligation steps in
NHEJ (Chappell et al., 2002; Koch et al., 2004). Artemis, a single strand-specific 5’-3’
exonuclease that also removes 3’ and 5’ overhangs and hairpin structures, is another
factor associated with end processing in NHEJ. In vitro and in vivo immunoprecipitation
studies have revealed that Artemis physically associates with DNA-PKcs and additional
studies have shown that Artemis is phosphorylated by DNA-PKcs. Artemis by itself has
5’ 3’ exonuclease activity and phosphorylation by DNA-PKcs activates its
endonucleolytic acitivity on 5’ and 3’ overhangs and hairpin structures (Ma et al., 2002).
Artemis in the presence of DNA-Pkcs, can open hairpins as shown with in vitro
synthesized or RAG complex (recombination activating gene; functions in V(D)J
recombination)-generated hairpins, indicating a possible role in V(D)J recombination in
pre-T and B cells. Artemis deficiency in humans has been associated with X-ray
sensitivity and severe combined immunodeficiency (SCID) (Moshous et al., 2001). The
WRN helicase protein, mutated in Werner’s syndrome, is thought to clean up another
subclass of ‘dirty’ ends via its exonuclease activity to allow for efficient NHEJ. The
WRN exonuclease activity is stimulated by the KU 70/80 heterodimer (Cooper et al.,
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2000; Li & Comai, 2000). Gel-shift studies have indicated that WRN can displace DNAPKcs from DNA-Ku-(DNA-PKcs) complexes suggesting that it may influence DNA end
processing. WRN is also a substrate for the DNA-PK holoenzyme in vivo, suggesting
functional interactions (Li & Comai, 2000; Yannone et al., 2001). WRN-deficient cells
are sensitive to DNA damaging agents like camptothecin (topoisomerase II poison), 4nitroquinoline-1-oxide and interstrand crosslinkers that are potential sources of DSBs and
are mildly sensitive to ionizing radiation, further supporting a role for WRN in the DSB
repair pathway. Finally, in vitro and in vivo studies in cell lines have indicated a role for
the Pol X family of DNA polymerases including POL µ and POL λ in gap filling at
partially complementary 5’ overhangs, facilitating NHEJ (Nick McElhinny et al., 2005).

1.4.2 Homologous recombination (HR) mediated DSB repair
Homology-directed repair of DSBs is an error-free process since the intact sister
chromatid duplex or homologous sequences elsewhere in the genome are used as a
template to restore the damaged DNA. This process is initiated by 5’3’ resection at the
DSB followed by a search for homology (a stretch of 100 bp or more), strand invasion by
the recombinase-coated 3’ protruding ssDNA, annealing and repair synthesis. Cell
biological studies have indicated that the Rad50p/Mre11p/Nbs1p complex is one of the
earliest factors to be recruited at DSB sites (Lisby et al., 2004). This complex has been
proposed to act as a molecular velcro linking the two ends of a DSB together. The
RAD50 molecule consists of a globular ATPase domain and an attached 50 nm long
coiled coil domain. RAD50 globular domains can homodimerize and two of these
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domains have been found to associate with two MRE11 nuclease subunits and NBS1.
Biochemical studies and scanning force microscopy have shown this complex to
oligomerize at the ends of linear DNA. Inter-complex interactions between the apexes of
the 50 nm coiled-coils in a so called ‘zinc hook’ tether the DNA ends at a DSB, holding
them in place for repair (See Ch1-Figure 2) (Hopfner et al., 2002). In an elegant study by
Wiltzius et al. (Wiltzius et al., 2005) (de Jager et al., 2004), the Rad50p coiled coil
apexes were replaced by a ligand-inducible dimerization domain and this construct was
found to rescue Rad50p function in yeast cells in a ligand-dependent manner. This
underscores the importance of Rad50p/Mre11p complex in holding DSB ends together in
vivo. The subsequent step in HR involves the 5’3’ resection of DSBs to generate 3’-OH
overhangs. This step is not completely understood in eukaryotes. Although genetic
studies in yeast have indicated that at least the Rad50p/Mre11p complex is required for
this resection step, the role of Mre11p as the functional (van Noort et al., 2003) nuclease
is yet to be proven. Notably, MRE11 has a 3’5’ exonuclease activity that would
generate 5’ overhangs contrary to 3’ ssDNA overhangs required for strand invasion
during HR (Paull & Gellert, 1998; Trujillo et al., 1998). The resection step is better
elucidated in bacteria where the RecBCD complex carries out both helicase and 3’-5’
exonuclease activities. The polarity of RecBCD nucleolytic action is reversed upon
encounter with oriented Chi sequences in the DNA that attenuate the 3’-5’ exonuclease
while selectively upregulating a 5’-3’ exonuclease activity intrinsic to the RecBCD
complex (Anderson & Kowalczykowski, 1997). It is possible that the activity of
RAD50/MRE11 complex may be modulated in a similar way. Following 5’ resection, the
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3’ overhanging strand is coated with recombinase prior to strand invasion of the
homologous duplex.
In E. coli, the RecBCD complex loads RecA onto the 3’ end of the singlestranded DNA generating RecA nucleofilaments that carry out homology search and
strand invasion. Yeast Rad51p (a RecA homologue), is loaded onto ssDNA by Rad52p
(Krogh & Symington, 2004). BRCA2, the mammalian homologue of Rad52p is involved
in loading RAD51 onto ssDNA as indicated by a number of biochemical, cell biological
and structural studies (Shivji & Venkitaraman, 2004; Galkin et al., 2005). The
purification of BRCA2 has been hampered by the large size of the protein not allowing
for direct biochemical analysis. However, a version of BRCA2 containing only the DNAbinding domain and RAD51-binding domains BRC3 and BRC4, was found to facilitate
loading of RAD51 onto ssDNA (San Filippo et al., 2006). In addition, a more tractable
BRCA2 homologue, Brh2 from the fungus Ustilago maydis has been successfully
purified, and biochemical assays have revealed that it helps load Rad51 onto ssDNA at
the double strand – single strand junction (Yang et al., 2005). RecA or Rad51-coated
nucleoprotein filaments then carry out homology search followed by strand invasion.
Yeast rad51- mutants are known to be hypersensitive to γ irradiation and
disruption of RAD51 in lymphocyte cell lines led to G2/M arrest, chromosomal breaks
and cell death (Sonoda et al., 1998). In addition, Rad51-mutated mice were embryonic
lethal in contrast to recA- E. coli (Lim & Hasty, 1996). These studies indicate that Rad51
plays a critical role in maintenance of genomic stability and is an essential protein in
eukaryotic cells.
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RAD51 is a functional homologue of the E. coli RecA, but unlike RecA, it binds
both single-stranded and double-stranded DNA and has been shown to display weaker
ATPase and strand exchange activities than RecA. Hence, it has been suggested that the
RAD51 paralogues (RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3), which are all
essential proteins, may also play a role in strand exchange (Shen et al., 1996; Sigurdsson
et al., 2001). RAD51C localizes specifically to DSB foci in the nucleus, as indicated by
immunofluorescence and chromatin immunoprecipitation studies, suggesting a role in
DSB repair (Rodrigue et al., 2006). Electron microscopic studies have revealed that the
RAD51 nucleoprotein filament is dynamic as seen from the variability in pitch and
number of monomers per turn between and within filaments (Liu et al., 2004). In general,
active nucleoprotein filaments formed in the presence of ATP or ATP analogues, are
associated with a greater pitch (~90-130 A; extended form) compared to the more
condensed inactive filaments formed in the absence of ATP (pitch ~ 65-85 A). Structural
studies reveal that formation of an active RecA nucleoprotein filament is associated with
DNA stretching, where the 3.4 A rise per bp in B-form DNA is increased to ~5.1 A, and
DNA untwisting to ~19 bp per turn (compared to ~10.5 in B form DNA) (Stasiak & Di
Capua, 1982).
X-ray crystallography studies of yeast Rad51p and the archaeal RecA homologue,
RadA, have revealed that the interface between individual protomers constitutes the ATP
binding and hydrolysis site (Conway et al., 2004; Wu et al., 2004). The Rad51p filament
structure shows a pseudo six-fold symmetry with 2 alternating conformations of the
ATPase domain in the interface between successive protomers. Oligomerization between
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protomers is mediated primarily by a single β strand in a flexible linker region of the
protomer that interacts with a β sheet in an adjacent protomer. This is thought to impart
flexibility within and between protomers in the nucleoprotein filament. In addition,
scanning and single molecule force spectroscopy studies have shown that RAD51
filaments on ssDNA are irregular and dynamic with protein monomers associating and
dissociating at various points along the DNA (Ristic et al., 2005). The flexibility and
dynamic conformation of RecA or RAD51 nucleoprotein filaments could promote
structural rearrangements likely required during strand invasion and exchange.
Strand invasion into the homologous duplex DNA results in D-loop formation and
annealing between the invading strand and its complement. The site of cross over
between the two duplexes is called a Holliday junction. New DNA synthesis that extends
the 3’ end of invading strand and the D loop facilitates movement of the Holliday
junction in a process termed “branch migration”. Using fractionated whole cell extracts
and purified proteins, Mcllwraith et al. (McIlwraith et al., 2005) demonstrated that POL
η (a translesion synthesis polymerase) was able to carry out repair synthesis from
3’annealed ends in D loop substrates. In addition, extracts from XP-V (Xeroderma
Pigmentosum-variant) cells, that are deficient in POL η, displayed severely impaired
extension of synthetic D-loops in vitro. Likewise, in a study by Kawamoto et al.
(Kawamoto et al., 2005), XP-V cells were found to exhibit impaired repair of sitespecific DSBs generated by the megaendonuclease I-SceI. Co-immunoprecipitation using
extracts from irradiated cells showed that POL η can interact with RAD51 in vivo. These
observations suggest that POL η is required for HR-mediated DSB repair, however, loss
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of POL η is not lethal. XP-V individuals (lacking POL η) suffer from elevated incidence
of skin cancer, likely due to reduced translesion synthesis past UV damage. Hence, there
probably are other polymerases that might carry out repair synthesis during HR. In vitro
studies have revealed that many proteins interact with and modulate Holliday junctions,
such as WRN, BLM, RAD54, p53, BLAP75 and hMSH2-hMSH6. WRN, BLM and
RAD54 have been shown to facilitate branch migration but how the direction of
movement is controlled is still unclear (Lee et al., 1997; Karow et al., 1999; Mohaghegh
et al., 2001; Bugreev et al., 2006). Repair is completed with the resolution of the Holliday
junction by structure-specific nucleases called ‘Holliday-junction resolvases’. In bacteria,
the RuvABC complex or the RecG protein carry out this function (West, 2003). In
eukaryotes, the RAD51 paralogues XRCC3 and RAD51C are thought to function in
Holliday junction resolution. Consistent with this, extracts from RAD51C deficient cells
were found to lack resolvase activity (Liu et al., 2004). BLM, a RecQ family helicase and
Topoisomerase III have been implicated in resolution of double Holliday junctions
resulting in non-cross over products (Wu & Hickson, 2003; Raynard et al., 2006).
Holliday junction resolution during repair of single-ended DSBs generated by stalled
replication forks (at a single-strand break in the template) may not involve a resolvase as
will be outlined in the figures that follow. Overall, HR-mediated DSB repair is thought to
occur via one of the four pathways outlined below.
Synthesis-dependent strand annealing. (Ch1-Figure 3) Repair of a two-ended
DSB as generated by direct breakage of duplex DNA is thought to occur predominantly
via 5’ strand resection followed by formation of a RAD51 nucleoprotein filament on the
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3’ overhangs, and strand invasion into the sister chromatid. Strand invasion and base
pairing with complementary DNA in the sister chromatid is accompanied by D loop and
Holliday junction formation. Strand extension beyond the original break site restores
missing DNA sequences, and Holiday junction migration allows for release of the
synthesized strand allowing it to anneal to the original broken duplex DNA. Any flap
structure formed by overextension of the 3’ end is removed by structure-specific
nucleases e.g. XPF/ERCC1, which also functions in NER (Adair et al., 2000). Thereafter
any remaining gaps are filled and nicks sealed by DNA ligase. This pathway results in
unilateral transfer of sequence information from one sister chromatid to the other, and is
known as “gene conversion” that has been demonstrated experimentally in mammalian
cells (Elliott et al., 1998; Johnson & Jasin, 2000).
The Double Holliday junction model for repair of two-ended DSBs (Ch1Figure 4) was originally proposed to explain simultaneous gene conversion and
crossover during meiosis (Szostak et al., 1983). As the name suggests, both 3’ overhangs
following resection of DSB ends invade the homologous DNA duplex, forming two
Holliday junctions. Resolution is thought to occur in either of two ways resulting in gene
conversion and / or cross over. Mitotic cells were also believed to have DSB repair
mediated by such double Holliday junctions although the complete absence of cross over
products has argued against this possibility (Johnson & Jasin, 2000). However, Holliday
junctions could be resolved by the BLM helicase and topoisomerase III such that only
non cross-over products occur, which would be consistent with the double Holliday
junction model of repair in mitotic cells (Wu & Hickson, 2003; Raynard et al., 2006). In
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addition, studies of genetic polymorphism and loss of heterozygosity have shown that
large stretches of chromosomes can be exchanged in mitotic cells and it remains possible
that the double Holliday junction is responsible for such exchanges (Gupta et al., 1997).
Single strand annealing model in repair of two-ended DSBs. (Ch1-Figure 5) In
cases where repeat sequences occur adjacent on the same duplex DNA with a DSB, the 3’
overhangs may align on the repeat element and anneal in a process facilitated by RPA
and RAD52, in a RAD51-independent manner (Prado & Aguilera, 1995). This process is
invariably error-prone and leads to the loss of sequences in between the repeats and one
of the repeats. This process has been proposed to be an unintentional consequence of
creating 3’ single strand overhangs to initiate synthesis-dependent strand annealing but
could get side tracked (into the single strand annealing pathway) due to the availability of
repeat elements. Indeed, there are more than 106 Alu repeats in the human genome and >
10% of the genome is composed of repetitive elements (Batzer & Deininger, 2002).
However, sequence diversity in these repetitive elements may suppress this pathway.
Replication fork repair of one-ended DSBs. (Ch1-Figure 6) A replication fork
encountering a single-strand break results in a DSB and stalling of the replication
apparatus. If the single-strand break has occurred on the leading strand template, the
template may become covalently attached to the newly synthesized lagging strand. The 3’
overhang generated following resection then invades the sister chromatid followed by
repair synthesis using the complementary strand on the sister chromatid as a template.
Thereafter, cleavage of the Holliday junction restores the replication fork. Such
replication-associated repair can result in sister chromatid exchanges (SCEs). Several
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studies suggest that replication fork encounters of unrepaired single-strand breaks (SSB)
account for a significant proportion of DSBs in the cell. Using CHO cells, Thompson et
al. (Thompson et al., 1982) found a correspondence between an increase in unrepaired
single strand breaks and an abnormal increase in the baseline frequency of SCEs. In
addition, studies with human cells indicate that most spontaneous recombination events
have products similar to that obtained under conditions that increased the frequency of
single-strand breaks (Saleh-Gohari et al., 2005).

1.4.3 DSB repair in chromatin
Recent studies have shown that DSB detection and repair in the context of
chromatin involves a combination of processes including modification or replacement of
histones and ATP-dependent chromatin remodeling (Bao & Shen, 2007). The prominent
signal transducers in the DSB repair pathway include ATM (Ataxia Telangiectasia
Mutated; Tel1 in budding yeast), ATR (Ataxia Telangiectasia Related; Mec1 in budding
yeast) and DNA-PK (DNA dependent Protein Kinase). ATM and ATR are implicated in
the rapid and extensive phosphorylation of H2AX on Ser 139 (Ser 129 of H2A in yeast),
forming γ-H2AX over a 1 megabase pair region surrounding the DSB. This
phosphorylation event is critical for accurate DSB repair since H2AX deficient cells are
predisposed to genomic instability and cancer (Foster & Downs, 2005). The INO80 and
SWR1 chromatin remodeling complexes have been shown to be involved in both NHEJ
and HR-mediated repair. The yeast INO80 is a 15 subunit complex inclusive of Ino80p,
Actin, Arp4p, Arp5p, Arp8p, Nhp10p, Rvb1p and Rvb2p. Chromatin
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immunoprecipitation studies have indicated that Ino80 is recruited to sites of HO-induced
DSB through interaction with γ−H2AX. Also, INO80 deficient cells were found to have
impaired ssDNA formation at the DSB site suggesting that INO80 may function in
clearing nucleosomes from the region of DSB to facilitate repair (van Attikum et al.,
2004). In addition, in vitro and in vivo studies have shown that Arp4p, a subunit common
to INO80, SWR1 and NuA4 (a histone acetyl transferase (HAT) of H2A and H4)
interacts with γ-H2AX and plays a role in targeting these complexes to the site of DSB
(Downs et al., 2004). In addition, in vivo HO (homing endonuclease) induction for
various time periods followed by chromatin immunoprecipitation revealed that Ser129
was phosphorylated within an hour of DSB induction and the NuA4 HAT complex was
found to be recruited around the same time to the site of DSB. Recruitment of INO80 and
SWR1 complexes was found to peak only around 2-4 hrs following induction suggesting
sequential recruitment of chromatin modifying and remodeling factors at the DSB site
(Downs et al., 2004).
SWR1 mutants have been found to be hypersensitive to DNA damaging agents
such as MMS, UV light and hydroxyurea. Also, the SWR1 complex has been shown to
interact with γ-H2AX, and purified SWR1 complex was shown able to specifically bind
H2AX peptides in vitro (Mizuguchi et al., 2004). SWR1 has been shown to interact with
H2AZ and facilitate replacement of the γ-H2AX-H2B dimer with H2AZ-H2B dimer to
allow for further repair. NuA4 and Gcn5p (histone acetyl transferases for histones H2B
and H3) are both required for efficient deposition of Htz1p (H2AZ in yeast) and thought
to work in concert with SWR1 in mediating H2AZ exchange (Doyon & Cote, 2004).

36

A recent study by Huang et al. shows that the SWI/SNF and RSC chromatin
remodeling complexes also facilitate HR-mediated DSB repair. RSC and SWI/SNF
mutants were found to be hypersensitive to DNA damaging agents and were impaired in
HR-mediated repair of DSBs. Chromatin immunoprecipitation assays revealed that both
SWI/SNF and RSC are recruited to DSBs but with distinct kinetics, in that SWI/SNF was
required at or preceding strand invasion while RSC was required both during the initial
and postsynaptic steps. Also, both the SWI/SNF and RSC were recruited to the
homologous donor strand prior to the appearance of any extension product suggestive of
their role in evicting nucleosomes from the donor duplex to enable homology searching
(Chai et al., 2005). In addition, a genetic screen has shown that RSC plays an important
role in facilitating the NHEJ pathway. Also, the RSC subunits Rsc1p and Rsc2p were
found to physically interact with the NHEJ core factors Ku80p and Mre11p (Shim et al.,
2005). Recent work has also shown that depletion of Sth1p (the ATPase of RSC) or
Rsc2p from yeast resulted in impaired chromatin remodeling and defective loading of Ku
and Mre11p onto the DSB suggesting that RSC may function to remodel nucleosomes at
the DSB site to facilitate loading of the repair machinery (Shim et al., 2007).

1.5 Base Excision Repair
All aerobic organisms are subject to a myriad of endogenous oxidative lesions
from reactive oxygen species (ROS including O.-2, H2O2 and .OH ) arising as a result of
normal cellular respiration. The BER pathway is predominantly responsible for the repair
of such endogenous and exogenously induced (ionizing radiation) oxidative damage
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including oxidized or ring-opened base lesions (Ch1-Figure 9), AP sites and singlestrand breaks, as well as alkylation damage (Ch1-Figure 9), that left unrepaired can result
in mutagenic, carcinogenic or cytotoxic consequences. Oxidation of components of the
electron transport chain and the subsequent ‘leak’ of respiratory electrons to O2 results in
the formation of superoxide radicals, O.2 (Cadenas, 1989).. Cells attempt to remove O.-2
by converting it to H2O2 using supeorxide dismutase followed by breakdown of the H2O2
catalyzed by catalases and peroxidases. Any H2O2 that remains can react with Fe++ or
Cu++, giving rise to OH radicals, considered to be one of the most reactive species
accountable for oxidative damage of biological molecules, including DNA. .OH radicals
are also formed from radiolysis of water and are the mediators of most ionizing radiation
damage. NO and HOCl are also ROS that oxidize DNA. NO also functions as a second
messenger in signaling pathways and is generated in macrophages to aid in killing of
bacteria and tumor cells while HOCl is generated in activated neutrophils by
myeloperoxidase from Cl- and H2O2 and may be involved in inflammatory signaling
(Demple & Harrison, 1994). Also, .NO can combine with O2.-, resulting in peroxynitrite
ONOO-, another DNA damaging factor. Polyunsaturated fatty acids are natural
components of membranes that form lipid peroxidation products that react with DNA,
producing etheno adducts in both purines and pyrimidines. In addition to endogenous and
exogenous sources of DNA damage, DNA has an inherent instability and undergoes
spontaneous depurination with ~10,000 AP sites generated per genome per day (Lindahl,
1993) that left unrepaired can be cytotoxic or mutagenic. Also, spontaneous deamination
of cytosine generates uracil while deamination of 5-methyl cytosine results in a thymine,
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both processes resulting in a G:C to A:T transition mutation. BER proteins are highly
conserved across kingdoms suggesting a positive evolutionary pressure and alludes to an
important role in long-term genomic stability and maintenance.

1.5.1 Short-patch vs. long-patch BER pathways
BER in its simplest form consists of 4 enzymatic reactions beginning with the
recognition of a specific base damage by a DNA glycosylase that excises the Nglycosylic linkage between the damaged base and its deoxyribose sugar (see Ch1-Figure
7 and Ch1-Figure 8), leaving an AP (apurinic or apyrimidinic) site. Bifunctional
glycosylases, not only cleave the glycosylic linkage but also nick the DNA
phosphodiester backbone 3’ of the AP site generated, in a β-elimination reaction,
generating a 3’ αβ unsaturated aldehyde and a 5’ phosphate. APE1 (AP endonuclease 1;
also called HAP1, Human AP endonuclease or Ref-1, Redox-enhancing factor 1) acts on
either the AP site generated by a monofunctional glycosylase carrying out 5’
endonucleolytic cleavage, leaving a 3’ OH and 5’ deoxyribose phosphate residue, or the
β elimination product that is generated by a bifunctional glycosylase, restoring a 3’OH
terminus that can be acted on by repair polymerases. In the ‘short-patch’ BER pathway
that constitutes the major BER pathway in most cells, POL β extends the 3’OH end by
one nucleotide using the complementary strand as template, using its intrinsic
deoxyribose phosphodiesterase (dRPase) activity to removing the 5’dRP residue that is
left after APE1 action. The resulting DNA nick is then sealed by the action of DNA
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ligase III in concert with XRCC1 (discussed later) [For reviews see (Ide & Kotera, 2004)
and (Sung & Demple, 2006). The endonuclease eight [Nei/NEIL (Nei-Like)] class of
bifunctional DNA glycosylases carry out a βδ-elimination reaction in which the DNA
backbone is first cleaved 3’ of the abasic site followed by a further cleavage 5’ of the AP
site, leaving 3’phosphate and 5’ phosphate termini. The 3’ phosphate terminus is then
removed by the action of Poly Nucleotide Kinase (PNK) prior to repair synthesis and
ligation.
The ‘long-patch’ BER pathway diverges from the short-patch process following
APE1 action on glycosylase generated substrate (Ch1-Figure 8). In vitro reconstituted
repair assays have shown that replicative polymerases δ and ε, aided by PCNA, carry out
strand displacement synthesis from the 3’OH terminus generated by APE1, creating a 2-8
nucleotide flap that is then cleaved by FEN1 (Flap Endonuclease). Wilson and colleagues
have reported in studies using gapped substrates that that POL β can function in longpatch BER of 2-6 nt long gaps (Singhal & Wilson, 1993). In this sub-pathway of BER
ligase I functions to seal the nick. It is, however, not clear what factors dictate the choice
between the short-patch versus the long-patch pathway. It has been hypothesized that the
type of DNA glycosylase and hence the nature of lesion might be a deciding factor
(Fortini et al., 1999). Repair by bifunctional glycosylases followed by APE1 leaves a
one-nucleotide gap that can easily be filled in by POL β hence will likely be repaired by
the short-patch pathway. But with monofunctional DNA glycosylases, removal of the
damaged base followed by APE1 cleavage of the DNA backbone leaves a nick with 3’
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OH that can be extended either by POL β, adding one single nucleotide, or by POL δ / ε
in a strand displacement reaction that results in long-patch repair.
Also, recent studies indicate that the nature of the AP substrate might be a
deciding factor in employment of long vs short-patch pathway. Long-patch BER provides
a means to efficiently repair unusual AP sites where the short-patch BER could stall with
formation of cross-links (described below). Oxidative damage to DNA by irradiation and
ROS has been shown to generate structurally distinct oxidized AP sites such as 3’
phosphoglyolate esters at strand breaks or residues in an unbroken DNA backbone. Free
radicals react with the deoxyribose sugar residue with subsequent molecular
rearrangements facilitated by O2, giving rise to an oxidized AP site (Demple & DeMott,
2002). 2-deoxyribonolactone (2-dL), an C1’ oxidized AP site, is formed by abstraction of
a proton from the C1’ carbon involved in glycosylic bond formation which is then
followed by addition of O2 leading to base loss. 2-dL has been shown to be efficiently
processed by APE1, with turnover rates similar to that with regular AP sites, leaving 5’
dL phosphate residues at the 5’ terminus (Xu et al., 2003).
The attempted repair of such 5’dLp residues by POL β, that mainly functions in
the short-patch pathway, however, has been shown to result in covalent crosslinks
between the DNA and the polymerase in a reaction dependent on the dRP lyase active
site residue Lys 72 of POL β (DeMott et al., 2002). Likewise, similar DNA-protein
crosslinks were found to occur upon attempted repair of intact dL containing DNA by
bifunctional glycosylases like human NTH1 and OGG1 (Faure et al., 2005). Recent
studies have shown that bacterial NER can excise AP lyase or a peptide crosslinked by

41

chemical reduction to unbroken DNA, (Minko et al., 2002; Minko et al., 2005). However,
it remains to be seen if NER can repair DNA protein crosslinks located at a strand break
as occurs when POL β is crosslinked to 5’dLp residue. It has been shown that the dRP
lyase activity of POL β lags behind its polymerase activity and that APE1 suppresses
POL β-mediated repair synthesis at 5’ nicked AP sites. This suggests that APE1 might
prevent any attempted repair of the dLp residue by POL β thus avoiding formation of
cross-links (Wong & Demple, 2004).
Experiments with partially reconstituted components of the long-patch repair
pathway, including APE1, POL β, FEN1 and dNTPs incubated with dL containing
substrate DNA, have shown that the number of crosslinks formed were much reduced
when FEN1 and dNTPs were provided. In addition, a cleavage product detected with the
addition of FEN1 in the presence of POL β and dNTPs suggest removal of an
oligonucleotide flap following strand displacement synthesis by POL β (Sung et al.,
2005). This is consistent with previous studies that revealed that FEN1 could remove
flaps with a variety of different 5’ termini (Bornarth et al., 1999) Further studies
conducted with dL-containing plasmid DNA and whole cell extracts from wild type and
pol β null mouse embryo fibroblast cells (MEFs) revealed efficient repair of dL in both
wild type and pol β null extracts. The repair patch size in repair of normal AP sites was
predominantly 1 nucleotide, indicative of short-patch BER, whereas in the repair of dL
the predominant repair patch was found to be 2 nucleotides or more in both POL β
proficient and deficient extracts (Sung et al., 2005). Thus, although the long-patch BER is
thought to constitute a minor proportion of total BER activity in the cell, it can function
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to repair oxidized AP sites that are not efficiently repaired by the short-patch BER
pathway.

1.5.2 DNA glycosylases: Mechanism of action of monofunctional and
bifunctional DNA glycosylases
DNA N-glycosylases act in the first step of BER when the lesion involves a
modified or mismatched base. Monofunctional DNA glycosylases cleave the Nglycosylic linkage between the deoxyribose sugar and the damaged base while
bifunctional glycosylases release the base and further cleave the DNA backbone 3’ of the
AP site in a β elimination process that in some bifunctional glycosylases is followed by a
subsequent δ elimination step that cleaves the backbone 5’ of the cleaved AP site (Ch1Figure 7). Studies of T4 UV endonuclease V, a cyclopyrimidine dimer (CPD) – specific
DNA glycosylase / AP lyase, by Schrock and Lloyd and others helped delineate a
common mechanism of action for mono- and bifunctional DNA glycosylases (Schrock &
Lloyd, 1993). These workers identified the active site residue of T4 UV endonuclease to
be an N-terminal Thr, making it the first DNA glycosylase to have its catalytic residue
identified. Chemical modification studies showed that reductive methylation of the α
amino group of the N-terminal threonine caused stoichiometric loss of both DNA
glycosylase and AP lyase activities, confirming earlier theories that an amino group was
involved in bifunctional enzyme catalysis.
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Specifically, for monofunctional glycosylases, an activated water molecule
(charged by a catalytic negatively charged residue such as Asp) carries out a nucleophilic
attack on the C1’ carbon leading to release of the damaged base and generation of an AP
site which is subsequently processed by APE1 (see Ch1-Figure 7). In the case of
bifunctional glycosylases, the nucleophilic attack on the C1’ carbon is carried out by an
amino group of a catalytic amino acid (such as the ε amino group of lysine activated by
an Asp located in the active site of many mono and bifunctional glycosylases, or the α
amino group of Thr as found in T4 UV endonuclease) resulting in base loss and
concomitant formation of a Schiff base intermediate between the enzyme and AP site
[For reviews see (David & Williams, 1998; Ide & Kotera, 2004)]. Subsequent abstraction
of a hydrogen from the C2’ carbon results in a β-elimination and cleavage of the DNA
backbone 3’ of the AP site generating 3’ αβ-unsaturated aldehyde and 5’ phosphate ends.
With certain bifunctional DNA glycosylases (e.g. Nei, NEILs), the reaction goes one step
further with abstraction of a proton from the C4’ carbon that results in a δ−elimination
reaction and strand cleavage 5’ of the cleaved AP site leaving 3’ phosphate and 5’
phosphate ends.
Human cells have been found to have at least 13 different DNA glycosylases
many of which have redundant substrate specificities (Table 1). The observation of
spontaneous deamination of cytosine to uracil in DNA first led to a search for enzymatic
activities in the cell that could repair uracil from within DNA. Early studies using 3H[dU]-containing oligonucleotides revealed a repair activity in E. coli that could release
H3-uracil, now known to be Uracil DNA Glycosylase (UDG) (Lindahl, 1974). Several
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other E. coli DNA glycosylases and their mammalian homologues have been discovered
and characterized since then. The mammalian homologue of the E. coli UDG, UNG
(uracil N glycosylase) along with TDG (Thymine/uracil DNA glycosylase), SMUG1
(single-strand selective monofunctional uracil DNA glycosylase) and MDB4 (Methyl
CpG DNA binding protein 4) are monofunctional glycosylases that have uracil as a
common substrate and in general have narrow substrate specificity. By contrast, MPG
(Methyl purine DNA glycosylase) is a monofunctional glycosylase that is able to excise a
wide range of alkylated purine lesions from DNA. Among the known bifunctional DNA
glycosylases, OGG1 (7,8 dihydro 8-oxoguanine DNA glycosylase) excises oxidized
purines and the human NTH1 (human endonuclease three 1) has been shown to repair
oxidized pyrimidines and FaPy (formamidopyrimidine or ring-opened purine lesions)
lesions. In recent years, three mammalian homologues of E. coli Nei (endonuclease eight)
have been identified, NEIL 1, (endonuclease eight-like), NEIL2 and NEIL3. NEIL1 and
NEIL2 are bifunctional glycosylases that excise oxidized pyrimidines, FaPy, Sp
(spiroiminodihydantoin) and Gh (Guanidinodihydantoin). The function of NEIL3 as yet
remains undetermined [For reviews see (David & Williams, 1998) and (Hazra et al.,
2007)].
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Table 1. Human mono and bifunctional glycosylases
Adapted from (Nilsen & Krokan, 2001)

Enzyme

Mono/
AP lyase
Bifunctio- chemistry
nal

C1’nucleophile

Substrates

Cellular
Localizati
-on

NTH1

Bi

β

Lys 212

N (M ?)

NEIL1

Bi

βδ

Pro 2

Tg. OHU, urea,
OHC, DHU
FapyG
Tg. OHU, urea,
OHC, DHU
FapyA and G

NEIL2

Bi

βδ

Pro 2

N

NEIL3
OGG1
MYH

Bi
Mono

?
β
-

UNG1

Mono

-

?
Lys 249
H2O (Asp
233)
H2O
(Asp)

AP site, OHU
Sp, Gh
?
OG:C, FapyG
A from OG:A
Mispairs
U, 5-FU, isodialuric
acid, alloxan

UNG2

Mono

-

N

SMUG1
TDG
MPG

Mono
Mono
Mono

-

MBD4

Mono

-

U, 5-FU, isodialuric
acid, alloxan
U
T:G, U:G
3-mA, 7-mA, 3mG,
7-mG, a-A, a-G
U/T in U/TpG
(deamination of C or
5meC in CpG
islands)

N

N, M
N, M
M

N

Structurally, DNA glycosylases have been grouped into four superfamilies, the
UDG superfamily, that includes UDG, TDG and SMUG1; the AAG superfamily, based
on structural similarity to alkyl adenine DNA glycosylase; the Fpg (MutM)/Nei
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superfamily, including bacterial Fpg, Nei and the mammalian NEILs; and the Nth/MutY
superfamily that also includes OGG1 and AlkA (Fromme et al., 2004). Some
distinguishing features of these superfamilies are listed in Table 2.

Table 2. DNA glycosylase superfamilies
[Reviewed in (Fromme et al., 2004)]
Superfamily
UDG
AAG
Fpg/Nei

Nth/MutY

DNA
Glycosylase
UDG
TDG
SMUG1
AAG
Fpg
Nei
NEIL1
NEIL2
NEIL3
NTH
MYH
OGG1
MBD
AlkA

Conserved DNAbinding motif

Metal-ion
Binding cluster

H2TH / Proline
Glutamate helix

Zn finger
Zn finger
Zincless finger
Zn finger
Zn finger
4Fe-4S
4Fe-4S

HhH / GPD (Glycine
Proline rich region and
Asp in active site)

Uracil DNA glycosylase
Uracil in DNA is generated mainly from spontaneous deamination of cytosine as
shown by the accumulation of G:C to A:T transition mutations in E. coli deficient in
functional Udg (Fix & Glickman, 1986). Misincorporation of dUMP during replication
instead of dTMP can additionally add to the uracil load in DNA. The UDG gene encodes
a monofunctional glycosylase that is highly conserved across prokaryotes and eukaryotes
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and has also been found in the pox and herpes viruses (Olsen et al., 1989). The UDG
glycosylase can remove uracil from both single and double-stranded substrates with
slightly higher activity on single-stranded substrates (Tomilin & Aprelikova, 1989).
However, studies with bubble substrates have shown inefficient repair (Kumar &
Varshney, 1994). UDG will excise uracil from mismatched U:G base pairs as well as
matched U:A base pairs, with no significant preference for one opposite base over the
other. However, a 10-15x variation in activity has been shown in different sequence
contexts (Eftedal et al., 1993; Nilsen et al., 1995). Additionally, gas chromatography and
mass spectrometry analyses of γ-irradiated DNA after incubation with UDG,
demonstrated that UDG can process uracil derivatives modified at the C5 or C6 positions,
such as isodialuric acid, alloxan and 5-hydroxyuracil (Dizdaroglu et al., 1996a). UDG has
also been shown to process 5-fluorouracil (5-FU), a cancer chemotherapeutic drug, albeit
weakly; hence it might mitigate the pharmacologic effects of the drug (Mauro et al.,
1993; Wurzer et al., 1994).

Thymine DNA glycosylase (TDG)
Jiricny and colleagues identified an activity in HeLa cell extracts that removes
thymine (resulting from spontaneous deamination of 5-methyl cytosine) from G:T
mispairs. This protein was then cloned and called TDG or thymine DNA glycosylase
(Wiebauer & Jiricny, 1990). TDG also will remove uracil and 5-bromouracil from U:G
and BrU:G mispairs (Wiebauer & Jiricny, 1990; Neddermann & Jiricny, 1994). It has
been proposed that the wobble base pair generated between TDG substrates and G on the
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opposite strand, and the resulting helix distortion, acts as a recognition feature for the
enzyme (Sibghat & Day, 1995). The truncation of 112 amino acid residues from the Nterminus was shown to abolish the ability to repair G:T base pairs, however, the enzyme
was still found to efficiently excise U from G:U suggesting a role for the N-terminus in
accommodation of thymine or 5-Br uracil in the active site. Interestingly, an activity in E.
coli homologous to the truncated TDG could specifically remove U from G:U pairs
(Gallinari & Jiricny, 1996). This enzyme was dubbed dsUDG since it was active only on
double-stranded DNA substrates and was also found in pupating insects that were earlier
thought to lack the ability to repair uracil in DNA.

Glycosylases in removal of alkylated bases
Alkylating agents generate a wide array of base modifications, some of which are
repaired via the BER pathway (see Ch1-Figure 9). DNA adducts generated by bulky
alkylating agents are repaired by the NER pathway. DNA Glycosylases that repair
alkylated bases were first discovered in E. coli and include, 3 methyladenine DNA
glycosylase II or AlkA, induced in response to alkylation damage, and the constitutively
expressed 3 methyl adenine glycosylase I or ‘Tag’ (David & Williams, 1998). Many of
the eukaryotic counterparts of AlkA including the yeast MAG enzyme (3 methyl adenine
DNA glycosylase) and the human MPG (methyl purine DNA glycosylase) were
identified and cloned by their ability to complement repair defects in alkA-/tag- cells.
These enzymes have been shown to have a broad substrate range with the primary
substrates including N-3 and N-7 alkylated forms of adenine and guanine, respectively.
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Endogenous alkylation damage may be produced by S-adenosyl methionine (SAM;
normal cellular cofactor that serves as methyl donor to a wide range of methyl
transferases), generating 7-methyl guanine and 3-methyl adenine, the latter of which can
block DNA replication (Rydberg & Lindahl, 1982). Alk A has also been shown to repair
alkylation damage induced by exogenous sources like nitrogen mustard and nitrogen gas
[bis-(2 chloroethyl) sulfide], a chemical warfare agent, among other compounds (Mattes
et al., 1996).

Nth/MutY (helix-hairpin-helix or HhH) superfamily of DNA glycosylases
Endonuclease III (Nth)
The E. coli endonuclease three (Nth) was discovered as an activity that introduced
strand cleavage in DNA treated with X-rays, UV radiation or OsO4 and later found to be
a bifunctional glycosylase (Radman, 1976; Armel et al., 1977; Katcher & Wallace, 1983).
Nth will excise a wide range of oxidized pyrimidines including thymine glycol, urea,
dihydrouracil, uracil glycol, 5, 6-dihydrothymine, 5-hydroxycytosine, 5-hydroxyuracil
and alloxan (see Ch1-Figure 9). Most Nth substrates are products of oxidation of the
pyrimidine C5-C6 double bond resulting in loss of aromaticity and consequently
planarity. Exceptions include 5-hydroxycytosine and 5-hydroxyuracil that retain
aromaticity (Hatahet et al., 1994). Cleaver and colleagues found that Nth is also involved
in the repair of unusual UV photoproduct CC and TC dipyrimidines (Jen et al., 1997). E.
coli that are deficient in Nth exhibit only a weak mutator phenotype with no increased
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sensitivity to oxidizing agents, suggesting redundant pathways in repair of oxidative
lesions (Cunningham & Weiss, 1985).

Mismatch-specific adenine DNA glycosylase (MutY)
Modrich and colleagues found an activity in E. coli that reversed G:A mismatches
to G:C and was insensitive to the GATC methylation status of the template DNA, unlike
the template strand methylation-dependent activity of the E. coli mismatch repair proteins
including MutS, MutL and Mut H (Su et al., 1988). Around the same time, Miller and
colleagues found a mutator locus in E. coli that resulted in G:C to T:A transversion
mutations that was termed mutY which was later found to code for the activity
responsible for restoring G:A mispairs to G:C (Nghiem et al., 1988). Modrich and
coworkers went on to characterize an additional mutator locus, mutM, that encoded the
Fpg (Formamidopyrimidine DNA glycosylase) (Michaels et al., 1991). Genetic studies
with mutY- or mutM– single mutants showed elevated rates of G:C to T:A transversion
mutations; however, mutY-mutM- double mutants exhibited very high mutation rates
exceeding the sum of their individual mutation rates suggesting a synergistic role for the
two proteins in prevention of G:C to T:A transversions (Michaels et al., 1992). In vitro
assays using purified proteins and studies using mutY- E. coli strains have revealed that
MutY functions to remove adenine from OG (8-oxoguanine):A mispairs, preventing G to
T transversions during subsequent rounds of replication. MutY-mediated repair of
adenine from OG:A is more efficient than from G:A mispairs (Bulychev et al., 1996). E.
coli lacking functional MutM (or Fpg) were found to be deficient in removal of OG from
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DNA, resulting in increased mutagenesis (Bessho et al., 1992). Biochemical studies using
purified proteins have indicated that MutM (Fpg) excises OG from OG:C pairs and also
OG:G/T, with the least activity on OG:A mispairs (Tchou et al., 1991; Tchou et al.,
1994). Since adenine can be misincorporated opposite OG during replication, the removal
of OG from OG:A mispairs by Fpg would only further exacerbate mutation rates. Hence
the low efficiency of OG removal from OG:A pairs is consistent with the anti-mutagenic
role of Fpg in vivo. A third member of the repair system preventing OG-associated
mutagenesis is MutT, an 8-oxo GTPase that cleaves between the α and β phosphate of 8oxoguanosine deoxyribonucleotide tri phosphate in the nucleotide pool leaving
deoxyribonucleotide monophosphate that can no longer be incorporated into DNA
(Mildvan et al., 1999).
MutY has high sequence homology with Nth with the exception of the MutY Cterminal residues (Michaels et al., 1990). Studies using a C-terminus truncated version of
MutY revealed a loss of preferential recognition of OG in OG:A pairs. Structural studies
have shown that the MutY C-terminal domain resembles the 8-oxo GTPase, MutT, in
secondary structure and topology despite low sequence identity between the two proteins.
This MutT-like domain forms extensive contacts with the OG base although different
from those formed by MutT, while the adenine is flipped out into the active site pocket
(Gogos et al., 1996; Noll et al., 1999). The AP lyase activity of MutY has been a subject
of controversy, with some groups showing bifunctional and others reporting
monofunctional glycosylase activity. David and colleagues demonstrated that the MutY
lyase activity is uncoupled and at least 10-fold diminished compared to its glycosylase
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activity, similar to that seen with baseline cleavage of the DNA backbone by the
monofunctional DNA glycosylase UDG. This suggests that MutY is more likely
monofunctional rather than bifunctional in vivo. However, as observed with bifunctional
DNA glycosylases, MutY forms a Schiff-base complex that the authors suggest may be
carried out by a non-catalytic Lys in the vicinity of the active site (Williams & David,
1998). Indeed, this suggestion was confirmed by Zharkov et al. who performed
chromatography and Edman sequencing of MutY peptides from borohydride-trapped
MutY-DNA complexes, and implicated Lys142, proximal to the catalytically important
Asp138, in formation of the Schiff-base complex (Zharkov & Grollman, 1998). Further
evidence for this came from a study by Zharkov et al. where K142A, K142Q and K142R
mutants of MutY failed to cross-link to substrate DNA. Using a rifampicin resistance
assay they showed that the K142Q mutant could complement an E. coli mutY- strain as
well as the wild type enzyme. In addition, the Lys142 residue was implicated in
recognition of guanine in a G:A mispair, since the mutants displayed much lowered
excision of adenine from G:A mispairs (attributable to much higher Kd for the Lys142
mutant than the wild type enzyme for G:A mispairs, with kcat remaining unaffected).
However, activity against OG:A mispairs remained largely unaltered compared to the
wild type protein. Furthermore, crystal structure studies of the N-terminal catalytic
domain (p25) of both the K142Q mutant and wild type enzyme revealed no significant
differences in structure, leading the authors to conclude that Lys142 recognizes guanine
in the G:A mispair and positions it in a favorable syn conformation for cleavage (Zharkov
et al., 2000).
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The human homologue of MutY, MYH (MutY homologue) has been linked to
familial adenomatous polyposis, a form of hereditary colon cancer (HNPCC). A study
conducted in one family found a germline mutation in MYH leading to accumulation of
somatic mutations in the APC (adenomatous polyposis coli) gene and predisposition to
colon cancer (Al-Tassan et al., 2002).

The Fpg / Nei (Helix-two-Turn Helix or H2TH) superfamily of DNA glycosylases
Fapy Glycosylase (Fpg or MutM)
Fpg was discovered in E. coli as a bifunctional glycosylase activity that could
repair imidazole ring-opened N7-methylguanine (2,6-diamino-4-hydroxy-5-Nmethylformamidopyrimidine or 7-methyl-Fapy-guanine) (Chetsanga & Lindahl, 1979).
Ring opened purines such as Fapy G and Fapy A form in DNA by alkylation followed by
reaction with a base, or by ionizing radiation or photosensitization (Boiteux et al., 1984;
Laval et al., 1990). Aflatoxin B1-Fapy lesions and aminofluorene adducts at the C8
position of guanine are other lesions repaired by Fpg. These Fapy lesions block
replication and hence can be lethal to cells (O'Connor et al., 1988; Laval et al., 1990).
Fpg also has a 5’dRPase activity that can remove 5’ deoxyribose phosphate moieties left
at 5’ ends after Xth or Nfo 5’ endonucleolytic cleavage (Graves et al., 1992). Later
studies discovered an OG repairing activity, termed MutM (or 8-oxoguanine DNA
glycosylase) that when cloned and sequenced was found to be identical to Fpg (Michaels
et al., 1991). Subsequent biochemical studies showed that Fpg or MutM cleavage of OG
is modulated by the opposite base, with the lowest efficiency associated with OG:A pairs,
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consistent with the biological role of MutM in preventing OG-associated mutagenesis
(Tchou et al., 1991; Tchou et al., 1994).
Homologues of the Fpg gene have not been found in eukaryotes to date although a
functional homologue in yeast, Ogg1p was identified by two separate groups using
genetic complementation and cross-linking assays (van der Kemp et al., 1996). The yeast
Ogg1p is similar to Fpg in its substrate range and specificity, with highest activity on
OG:C base pairs, followed by OG:T, OG:G and OG:A. Interestingly Ogg1p has high
sequence homology to E. coli Nth ( and is grouped in the HhH superfamily). The human
homologue OGG1 was identified later and was shown to have higher specificity for
preferential removal of OG:C over OG:T/G/A than was seen with Ogg1p or Fpg. The AP
lyase activity of human OGG1 was found to be influenced by the opposite base with little
or no strand cleavage on OG:T/G/A (Bjoras et al., 1997).

Endonuclease VIII (Nei)
Another bifunctional glycosylase in E. coli, endonuclease VIII (Nei) which is
active in repair of oxidized pyrimidines exhibits overlapping substrate specificity with
Nth, was isolated by Wallace and colleagues (Melamede et al., 1994). Cloning and
sequencing revealed that Nei lacks homology with Nth but shares some homology with
the N- and C-terminal regions of Fpg. Studies conducted by the same group with E. coli
double mutants lacking both Nth and Nei exhibited a strong mutator phenotype and
elevated sensitivity to ionizing radiation and hydrogen peroxide, indicating an important
role for these glycosylases in repair of oxidative DNA damage (Jiang et al., 1997). In
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addition, E. coli triple (nei-/fpg-/mutY ) and quadruple mutants (nth-/nei-/fpg-/mutY) were
found to display substantial increase in mutation frequencies (2-3 fold over fpg-/mutYmutants) (Blaisdell et al., 1999). Bandaru et al. and Hazra et al discovered the human
homologues of E. coli Nei, NEIL (Nei-like) 1, 2 and 3 (Bandaru et al., 2002; Hazra et al.,
2002a; Hazra et al., 2002b). Biochemical studies have indicated that NEIL1 and 2 excise
ROS generated, oxidized pyrimidines with NEIL2 exhibiting preference for cytosinederived lesions, particularly 5-hydroxycytosine and 5-hydroxyuracil. NEIL1 displays
high affinity for ring opened purines (Fapy A and Fapy G) and can repair 8-OG, albeit
poorly. Recent studies by Sugden and colleagues have revealed that the NEILs, unlike
OGG1 and NTH1, can recognize and repair further oxidized products of 8-OG, including
spiroiminodihydantoin (Sp) and guanidinohydantoin (Gu or Gh) (Hailer et al., 2005).
NEIL1 is upregulated during S-phase while the expression of NEIL2 appears to be cellcycle independent (Hazra et al., 2002a). This observation, together with efficient NEIL1
and NEIL2 repair of single-stranded and bubble DNA substrates has led to their proposed
roles in replication and transcription-associated BER, respectively (Dou et al., 2003)[For
review see (Hazra et al., 2007)].

Pyrimidine dimer DNA glycosylases
T4 endonuclease V, a pyrimidine dimer glycosylase, was discovered when E. coli
cells infected with T4 phage were observed to release pyrimidine dimers following UV
exposure, and has become one of the most extensively studied BER enzymes. T4 endo V
cleaves the N-glycosylic linkage of the 5’ pyrimidine in the pyrimidine dimer and then
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cleaves the phosphodiester backbone between the pyrimidines in the dimer (Seawell et
al., 1980; McMillan et al., 1981; Grafstrom et al., 1982). Similar activities have been
found in Micrococcus luteus (M. luteus UV endonuclease) and Saccharomyces cerevisiae
(Riazuddin & Grossman, 1977; Hamilton et al., 1992). Both the T4 endo V and the M.
luteus UV endonuclease are active against all cyclobutane pyrimidine dimers (CPDs),
with preference for thymidyl 3’-5’ thymidine dimers, which are also the predominant
dimers in UV-irradiated DNA (Gordon & Haseltine, 1980). Monitoring of the products
released from γ− or UV-irradiated DNA indicated that Fapy adenine lesions are also
processed by T4 Endo V, although at a reduced efficiency compared to CPDs
(Dizdaroglu et al., 1996b).

1.5.3 AP endonuclease
AP (apurinic or apyrimidinic) sites are generated in significant numbers via
endogenous or exogenous oxidative damage, spontaneous base loss or following the
action of DNA glycosylases that excise oxidized, alkylated or mismatched bases. The
major AP endonuclease of E. coli is exonuclease III (Xth) that functions along with
endonuclease IV (Nfo) in repair. xth- E. coli mutants are viable, indicating that Xth in E.
coli is not essential. The human homologue of Xth, APE1, accounts for > 95% of the
total AP endonuclease activity in HeLa cells. Human cells also contain a relatively minor
activity, APE2, also homologous to E. coli Xth. The APE1/Xth family of AP
endonucleases are 30-40 kDa, monomeric, divalent cation-dependent proteins
(Dyrkheeva et al., 2007).
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Human APE1 cleaves 5’ of AP sites, generating 3’OH and 5’ dRP ends. APE1
also has a 3’ phosphodiesterase activity that removes 3’ αβ unsaturated aldehydes that
remain following β elimination reactions catalyzed by certain bifunctional DNA
glycosylases. APE1 has been shown to excise 3’ blocking termini, such as 3’ phosphate
and 3’phosphoglycolate, and has weak 3’ 5’ exonuclease activity (Chaudhry et al.,
1999) [For review see (Demple & Sung, 2005)]. The AP endonuclease activity of APE1
is ~100-fold higher than its 3’ phosphodiesterase activity. The 3’phosphatase activity of
APE1 is also weaker than that associated with E. coli AP endonuclease and PNK.
Structural analyses of APE1 have revealed a compact globular C terminal region
containing the AP endonuclease and DNA-binding domain, and a flexible N-terminal
domain. The ~6kDa (~61 amino acids) N terminal domain, which has no counterpart in
E. coli Xth, is involved in an unrelated function namely, redox-mediated regulation of
transcription factors including NF-κB, p53, Jun and Fos. APE1 is thus also referred to as
Ref-1 or Redox enhancing factor-1 (Abate et al., 1990; Xanthoudakis et al., 1992).
Specifically, the binding of the c-Jun proto-oncogene to DNA depends on the redox
status of a conserved Cys (Cys252) residue, which when oxidized, impairs DNA binding.
In vitro studies indicate that APE1 can reductively reactivate c-jun and restore DNA
binding activity. Cys65 in the N-terminal domain of APE1 has been identified as the
redox active site that has been proposed to restore Jun to a reduced state via a thiol
exchange mechanism. Replacing Cys65 in APE1 with Ala did not interfere with its DNAbinding, endonuclease and exonuclease functions, suggesting that the Ref-1 and repair
activities of APE1 are independent of each other (Walker et al., 1993).
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A study by Deutsch and coworkers has suggested that the Ref-1 function of APE1
can be upregulated by PKC-dependent phosphorylation of APE1. APE1 phosphorylated
in vitro by PKC exhibited increased redox activation of AP1 transcription factors, as
measured by AP1-binding to end-labeled DNA containing a cognate AP1 binding site in
a mobility shift assay. Heightened PKC activity and concomitantly increased APE1 redox
activity were observed in vivo when human cells were exposed to the PKC activator,
phorbol 12-myristate 13-acetate or a combination of hypochlorite and methyl methane
sulphonate suggesting PKC can activate APE1 in response to DNA damage (Hsieh et al.,
2001).
A third distinct role of APE1 is its involvement in Ca2+-dependent
downregulation of certain genes, including the parathyroid hormone gene. APE1 exerts
this effect through its binding to specific ‘negative Ca responsive elements’ (nCaREs) in
the promoter. Okazaki and colleagues demonstrated APE1 binding to nCaRE elements
using a southwestern protein-DNA binding assay, and later used latex beads coated with
DNA oligomers containing the nCaRE element, to isolate possible APE1 binding partners
from HeLa nuclear extracts. This study showed that that the KU70/KU86 heterodimer
that functions in NHEJ, interacts with APE1 and together bind nCaREs to effect gene
repression (Chung et al., 1996). The APE1 gene itself has been reported to have similar
nCaRE elements, and Kuninger et al., using a similar nCaRE-DNA affinity
chromatography-based method, reported that APE1 interacts with hn-RNP-L
(heterogeneous nuclear ribonucleoprotein L), in an nCaRE-independent manner, to form
a repressor complex that binds nCaRE. This constitutes a mechanism for an APE self-
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regulatory loop (Kuninger et al., 2002). Immunoprecipitation studies by Bhakat et al.,
using extracts from APE1 and p300 (a histone acetyl transferase) co-transfected HCT116
(human colon cancer) cells together with [3H]-acetylCoA, have revealed that APE1 is
acetylated by p300. This observation was also confirmed by Western analyses of
recombinant APE1 incubated with p300 immunoprecipitates and [3H]-acetylCoA. The
authors further used a luciferase reporter fused to the PTH promoter nCaRE elements to
show that acetylated APE1 has enhanced nCaRE binding and repression activity.
Immunoprecipitation studies with extracts from transfected cells also demonstrated that
APE1 physically associates with Class I histone deacetylases (HDACs), leading the
authors to suggest that HDACs may be recruited to acetylated APE1-bound promoters to
help mediate gene repression (Bhakat et al., 2003).
Unlike its E. coli counterpart, mammalian APE1 is essential. In mice the
homozygous null ape1-/- mutation is an embryonic lethal. Additionally, it was not
possible to establish embryonic fibroblast lines from ape1-/- mutant mice. However,
Izumi et al. recently were able to establish an ape1 -/- mouse embryonic fibroblast cell
line containing a ‘floxed’ human APE1 gene. Using the loxP element – Cre recombinase
system, the authors could conditionally knockdown the APE1 transgene, which resulted
in apoptosis within 24 hrs. Interestingly, this defect could be rescued by complementation
with a C65S mutant APE1 (which lacks Ref-1 activity) but not with K6R/K7R or H309N
mutants (which lack respectively, the nCaRE activity and repair activity). This result
suggested that the repair activity of APE1 and its acetylation-dependent role in binding to
nCaRE elements, are essential functions in vivo (Izumi et al., 2005).
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Fung et al. used RNA interference technology to downregulate APE1 in many
different cell types and found that severe depletion of APE1 resulted in cell cycle arrest
and apoptosis. This effect could be mitigated by transfecting cells with the structurally
unrelated yeast Apn1p, which lacks the Ref-1 activity of APE1, indicating that the role of
APE1 in repair of AP sites is essential for cell survival (Fung & Demple, 2005)

Functional interactions of APE1 with BER glycosylases
In general, eukaryotic DNA glycosylases have been shown to have a slow
turnover (with the complex half-life ranging from 2-15 hrs or more) in vitro, attributable
to AP site binding. This has been proposed to serve as a protective mechanism that results
in a direct hand-off of potentially cytotoxic AP sites to APE1, the next enzyme in the
BER pathway. In vitro studies using purified enzymes have shown that APE1 enhances
the activity of a wide range of DNA glycosylases. Assays done under multiple turnover
conditions indicate that APE1 increased glycosylase turnover of TDG (Thymine DNA
glycosylase) in a concentration-dependent fashion (Waters et al., 1999). Likewise, Parikh
et al. reported an increase in release of uracil from 3H-uracil containing calf thymus
DNA, when APE1 was added to purified mitochondrial UDG. Based on analyses of their
substrate-complexed UDG and previously published APE1 crystal structures, the authors
proposed that APE1 can compete with and displace the DNA glycosylase (in this case
UDG), owing to its more extensive minor groove interactions at the AP site (Gorman et
al., 1997; Parikh et al., 1998).
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Mitra and colleagues demonstrated that APE1 enhanced turnover of OGG1 in
Mg++-containing reactions but had less of an effect when OGG1 reactions were carried
out in EDTA-containing buffers, indicating that catalytically active APE1 (Mg++dependent) can mediate more efficient turnover of OGG1. APE1 was also shown to
reduce the amount of OGG1 trapped in a Schiff base complex by borohydride, and was
consistently found to abolish AP lyase activity of OGG1 as demonstrated by the
appearance of 3’OH ends (products of an APE1 reaction) rather than the β-elimination
product that OGG1 produces. Further, Kd measurements indicated that OGG1 has a ~10fold higher affinity for its product (AP:C; Kd ~ 2.8nM) than its substrate (OG:C; Kd ~
23.4nM), thus explaining its tight binding to the AP site and low turnover rate. APE1 is
thought to physically displace OGG1 and prevent reassociation to the AP site thus
facilitating turnover (Hill et al., 2001). Later studies by Teebor and coworkers
demonstrated increased turnover of hNTH1 glycosylase activity in the presence of APE1
and, as previously shown with OGG1, complete abrogation of the hNTH1 AP lyase
activity was observed, but only against Tg:A pairs. The glycosylase and lyase functions
of hNTH1 are not coupled, and the lyase activity on Tg:A is 5-7 fold slower, which
accounts for the lyase-limited hNTH1 activity on Tg:A substrates. By contrast, APE1 did
not affect turnover of hNTH1 in reactions with Tg:G substrates. The authors suggested
that such in vitro preferences for substrate and selective enhancement by APE1 could
reflect selective processing of oxidative lesions in different parts of the genome in vivo
(Marenstein et al., 2003).
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In line with the above studies, MYH glycosylase activity was found to be
stimulated by increasing concentrations of APE1 and to a lesser extent by a catalytically
dead APE1 mutant, H309N. Additionally, both the wild type and mutant APE1 were
found to enhance MYH binding to a non-cleavable T:OG substrate, as shown by gel
mobility shift studies (Yang et al., 2001). O’Connor and colleagues observed a similar
effect in which MPG-mediated excision of hypoxanthine from DNA was enhanced in the
presence of APE1, and measured an increase in kcat/KM for MPG, in APE1-containing
reactions over MPG reactions in the absence of APE1 (Xia et al., 2005).
An integrated view from these studies is that DNA glycosylases remain bound to
the AP site they generate until they are displaced by APE1, in effect enhancing
glycosylase turnover while keeping repair intermediates protected. It is noteworthy that
no physical interactions have been demonstrated between APE1 and any of the DNA
glycosylases (with the probable exception of MYH) consistent with convergence of the
lesion excision step by structurally and functionally diverse glycosylases into a common
AP endonucleolytic step.

APE1 function in Nucleotide Incision Repair (NIR)
Ishchenko and Saparbaev first reported that E. coli endonuclease IV (Nfo) is able
to incise DNA 5’ of certain lesions in a DNA glycosylase-independent manner, in what
they called the ‘nucleotide incision repair’ pathway (Ischenko & Saparbaev, 2002). Later
studies revealed that human APE1 carries out similar repair of ionizing radiation-induced
base lesions, including DHU:G, DHT:A, OHU:G, OHC:G, α-A(α-2’deoxyadenosine):T,
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α-T (a-2’deoxythymidine):A, α-C:G and also methyl Fapy (Gros et al., 2004; Daviet et
al., 2007). Alpha anomers of adenine and thymine are formed by abstraction of a proton
from the C1’ anomeric carbon by OH- radicals generated during γ irradiation. These,
together with DHU, are among the base damages generated under strict anoxic
conditions, in the eukaryotic nucleus (Furlong et al., 1986; Lesiak & Wheeler, 1990).
Using single-stranded M13 vectors containing a single α-A residue in vitro, or
transfected into E. coli cells, Shimizu et al. found that α-A acts as a moderate replication
block and is associated with replication bypass events that can produce single nucleotide
deletions (Shimizu et al., 1997).
The in vitro NIR activity of APE1, unlike its AP endonuclease activity, is evident
only in a restrictive set of reaction conditions (very low to 0.5 mM Mg++ or 0.3 mM Zn++,
pH 6.5, KCl up to 50 mM), which raised the question of whether the NIR pathway is
physiologically relevant. Ishchenko et al. transfected HeLa cells with the molecular
beacon FD-αA (α-A labeled with 5’ fluorescein and 3’ dabcyl) in a stem loop substrate,
such that visualization of fluorescence (due to loss of quenching) could be correlated with
NIR. Using this assay, fluorescence was observed specifically in the nucleus while
immunostaining revealed APE1 distribution in both the nucleus and cytoplasm. This
strongly suggested that the nuclear mileu will support APE1-mediated NIR in vivo
(Ishchenko et al., 2006).
The fact that the substrate specificity of APE1 in NIR at least partly overlaps with
that of human NTH1 may be significant, since deletion of the NTH1 gene does not cause
elevated sensitivity to oxidizing agents (although E. coli nth- cells exhibit sensitivity to
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H2O2 and ionizing radiation). Genetic studies have revealed that both xth- and nfo- E. coli
are hypersensitive to oxidizing agents and that ape1 -/- mice are embryonic lethal
(Cunningham et al., 1986; Xanthoudakis et al., 1996). Targeted antisense RNA-mediated
downregulation of APE1 in mammalian cells was associated with increased sensitivity to
oxidizing agents (Walker et al., 1994). This is consistent with a role for APE1 not only as
a concerted function with DNA glycosylases but also independently in the repair of
oxidative base damages in DNA. Studies with an N-terminal truncation mutant of APE1
have revealed a role for this domain in regulation of APE1 NIR activity (Gros et al.,
2004). Studies using purified proteins have shown that E. coli Pol I in the presence of
dNTPs, or FEN1 in the presence of PCNA can remove the 5’ dangling damaged base that
remains following direct APE1 action on oxidative lesions, generating a gap that can then
be filled in by repair polymerases (Ischenko & Saparbaev, 2002).

1.5.4 Mechanism of lesion recognition by DNA glycosylases and APE1
Structural studies have indicated that monofunctional DNA glycosylases in the
UDG and AAG superfamilies are generally compact single domain enzymes while
glycosylases in the Fpg/Nei and Nth/MutY superfamilies have multiple domains, with the
active site located in the junction between two domains. A common feature of all known
DNA glycosylases is that they bind primarily the lesion-containing strand and extrude or
flip the damaged base into an extrahelical configuration and into the enzyme active site
(Fromme et al., 2004). The first glycosylase structure solved was that of E. coli Nth (Kuo
et al., 1992), and several glycosylase apoenzyme and substrate-containing structures have
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been solved since then. Structural studies of UDG complexed with duplex DNA
suggested a mechanism in which DNA is scanned via kinking of the DNA backbone in a
‘Ser-Pro pinch’, mediated by three Ser-Pro-rich loops. This may be accompanied by
minor groove scanning of purine N3 sites by a Leu272 intercalation loop, with further
bending of the DNA backbone (~45 degrees to the plane of UDG) occurring only when a
lesion is encountered. The Leu272 intercalation loop is inserted into the void left as the
uracil is flipped out into the positively charged active site. UDG was found to have a
higher affinity for AP sites and was able to flip the deoxyribose sugar left following
removal of the uracil. Structural and biochemical studies with APE1 have predicted
shared minor groove interactions by APE1 in support of a coupled mechanism of lesion
hand-off where APE1 could displace UDG from the AP site, as described in the previous
section (Gorman et al., 1997; Parikh et al., 1998).
Bruner et al. reported a structure of human OGG1 complexed with OG:C in
which the OG was fully extruded into the active site cleft while the DNA backbone was
kinked ~70 degrees. The space vacated by the OG was occupied by a Asn 149 residue in
the NNN motif that hydrogen-bonds to the estranged cytosine. The DNA outside of the
active site was found to be largely B-form. Surprisingly, the recognition of OG did not
involve the 8-oxo group, instead required the N7 that is protonated in OG but not in
guanine. The resulting hydrogen-bond between the protonated N7 and the main chain
carbonyl of Gly 42 in the active site pocket was solely responsible for discrimination
between OG and G. The estranged cytosine (acceptors N3 and O2) was hydrogen-bonded
by Arg 154, Arg 204 and Tyr 203 that extended into the minor groove side of the base,
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indicating multiple means to identify the opposite base, thus explaining how OGG1
selectively repairs OG:C but not OG:A lesions (Bruner et al., 2000). Analyses of the
structurally unrelated bacterial MutM revealed a very similar mode of recognition of the
OG and the opposite base, C (Fromme & Verdine, 2003)..
Analysis of the T4 UV endonuclease structure with substrate revealed that this
enzyme, unlike other glycosylases, flips out the two opposite base adenines to gain access
to the pyrimidine dimer (Vassylyev et al., 1995).
These and many other studies suggest that DNA glycosylases scan DNA for
lesions by reading the minor groove, and recognize lesions initially either through the
helix distortion induced by mismatched bases, or by the lesion itself, after which the
enzymes kink the DNA backbone and insert an intercalation loop to facilitate the
extrusion of the damaged base into the active site pocket.

1.5.5 DNA polymerases in short- vs long-patch BER
DNA polymerase β (POL β) is the major DNA polymerase that carries out repair
synthesis in the short-patch pathway of BER, and is one of the smallest, naturally
occurring DNA polymerases characterized to date (monomer of 39 kDa). pol β -/- mice
exhibit retarded growth and die of respiratory arrest just after birth (Sugo et al., 2000).
Sugo et al. conducted TUNEL staining of tissues from pol β-/- mouse embryos that
revealed extensive apoptosis in the developing central and peripheral nervous system and
abnormal hind brain development (a region that controls respiration in mammals),
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indicating that POL β functions are essential in neural development (Sugo et al., 2000).
Studies using pol β -/- embryonic fibroblast cell lines indicated that POL β is required for
uracil-initiated BER and repair of DNA damage induced by monofunctional alkylating
agents (such as MMS-methyl methane sulphonate, and EMS-ethyl methane sulphonate).
Surprisingly, POL β was found to be dispensable for the repair of UV- or ionizing
radiation-induced damage (Sobol et al., 1996). Later studies by the same group indicated
that with increasing time in culture, pol β null fibroblasts became sensitive to H2O2 and
other agents that generate reactive oxygen species, and that this sensitivity could be
suppressed by the expression of POL β (Horton et al., 2002). In addition, ~35% of the 90
tumors analyzed so far have been found to conatin mutations in the POL β gene. The
I260M and the K289M variants of POL β have been associated with prostate cancer and
colon carcinoma, respectively (Lang et al., 2004; Sweasy et al., 2005).
Limited proteolysis of POL β revealed two globular domains, 31 kDa C-terminal
domain containing the polymerase active site and an 8 kDa N-terminal domain implicated
in removal of the deoxyribose 5’ phosphate moiety that remains after APE1 processing.
Removal of this moiety occurs through a β-elimination (dRP lyase) mechanism rather
than hydrolysis (as revealed by anion exchange chromatography of reaction products;
(Matsumoto & Kim, 1995). The N-terminal 8 kDa domain contains a conserved helixhairpin-helix (HhH) motif almost identical to that present around the E. coli Nth active
center. Site-directed mutagenesis studies have implicated Lys72 to be the active site
nucleophile in this 8 kDa domain that interacts with the C1’ of the nicked AP site to form
a Schiff base complex which is further resolved via β elimination leading to strand
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breakage (Prasad et al., 1998). Purified mammalian POL β will catalyze the processive
filling of short single-strand gaps of upto 6 nt, when provided with a 5’ phosphate moiety
at the other side of the gap. Crosslinking and proteolysis studies indicated a role for the 8
kDa domain in binding template ssDNA and the 5’ phosphate terminus at a gap up to 6
nts long thus coordinating with processive gap filling by the enzyme. However, with gaps
longer than 6 nts, the enzyme binds the 5’phosphate terminus but does not carry out
repair synthesis. With 1 nt gaps where the 3’OH terminus is positioned at the polymerase
active site, the requirement for 5’phosphate binding may not occur (Singhal & Wilson,
1993; Prasad et al., 1994).
X-ray crystallography studies of rat POL β have revealed a DNA-binding channel
and active site geometry similar to that in the E. coli Klenow enzyme, reverse
transcriptase and T4 RNA polymerase, despite differences in overall amino acid sequence
and topology. The 31 kDa domain of POL β is organized into ‘fingers, palm and thumb’,
forming a channel with a floor and two sides that can accommodate B-form DNA,
likened to a right hand holding a rod. The 8 kDa domain is attached to the finger domain
via a flexible hinge (Sawaya et al., 1994). The same group went on to elucidate the
ternary structure of POL β with a template primer and ddCTP. Comparison with the
apoenzyme suggested that the 8 kDa domain moves from an open conformation in the
apo structure to a more closed conformation in the presence of the template and primer.
These comparisons also suggested minor movements in the thumb and fingers domains,
which together form a more tightly closed ‘hand’ around the DNA in the ternary complex
(Pelletier et al., 1994).
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Crystallographic studies comparing human POL β in a binary complex with
single-nucleotide gapped DNA and in a ternary complex with gapped DNA and added
ddCTP, indicated rotation of the open thumb domain in the gapped DNA complex into a
more closed position in the ternary complex bringing into alignment the conserved active
site amino acids (Asp190, Asp192 and Asp256) and aligning the 3’ OH of the primer in
line for a nucleophilic attack on the α-phosphate of the incoming ddCTP. The
polymerase was found to induce a 90 degree kink in the 5’phosphodiester bond of the
templating nucleotide in both gapped and nicked DNA, presumably allowing for contacts
between the thumb residues and the newly formed base pair in a possible checking
mechanism. The authors proposed an induced-fit mechanism of catalysis, where correct
base-pairing induces thumb closure and alignment of the active site for catalysis,
whereas, incorrect base-pairing will not (Sawaya et al., 1997).
Studies by Kunkel and coworkers using purified proteins and oligonucleotide
substrates revealed that POL ι, a recently discovered member of the RAD30 family,
contains an intrinsic dRPase activity similar to that seen with POL β. POL ι is a
distributive (rather than processive) polymerase and preferentially incorporates a guanine
opposite thymine in the template strand thus introducing a mismatch. The authors
propose a role for POL ι in specialized forms of BER where introduction of G opposite T
might reverse potential mutagenic effects caused by erroneous removal of the correct
template G opposite T in a G:T pair generated by deamination of 5 methyl cytosine
(Bebenek et al., 2001).
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POL λ, a polymerase with 33% sequence identity to POL β, also contains an 8
kDa domain conferring intrinsic dRPase activity, and a 31 kDa polymerase domain,
similar to that observed in POL β. In addition, POL λ also contains a BRCT (Breast
cancer susceptibility gene 1 C-terminal domain) domain and a proline-rich domain in the
N-terminal region of the protein (Garcia-Diaz et al., 2001; Garcia-Diaz et al., 2002). In
vitro studies have shown that POL λ can processively add dNTPs in short gaps with a
5’phosphate suggesting a role in BER (Duym et al., 2006). The high expression levels of
POL λ mRNA in mammalian testis has lead to the suggestion that POL λ is involved in
meiosis, and immunolocalization of POL λ in nuclei of pachytene spermatocytes has
further lead to the hypothesis that POL λ could be involved in DNA repair synthesis
during meiosis (Garcia-Diaz et al., 2000).
The long-patch BER pathway involves repair synthesis of up to 8 nucleotides, and
in vitro assays using circular DNA substrates and fractionated whole cell extracts from
pol β null mouse embryonic fibroblasts have directly indicated a role for either POL δ or
POL ε in a PCNA and RFC-dependent reaction. POL δ and ε were also found to be
capable of adding a single nucleotide at the lesion site although at a slower rate compared
to POL β (Stucki et al., 1998).

1.5.6 Ligation in BER: Role of ligase III-XRCC1 complex and ligase I
The final step in BER involves ligation of the nick that remains after repair
synthesis. In the short-patch pathway, this is carried out by ligase IIIα in association with
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XRCC1 (X-ray cross complementing). XRCC1-deficient CHO (EM9 or EM-C11) cell
lines exhibit increased sensitivity to DNA damaging agents and decreased single-strand
break rejoining activity following exposure to ionizing radiation or alkylating agents
(Thompson et al., 1990). Targeted disruption of the XRCC1 gene in mice by Tebbs et al.
resulted in homozygous null xrcc1 embryos that arrested at embryonic day (E) 6.5; no
xrcc1-/- late stage fetuses or pups were recovered. xrcc-/- embryos were found to
accumulate unrepaired single-strand breaks, suggesting an essential function in repair
during early development (Tebbs et al., 1999). Similarly, recent studies have shown that
ligase III-/- mice arrest and die at E 8.5, indicating an essential role for ligase III in early
development (Puebla-Osorio et al., 2006). Affinity purification studies conducted by
Caldecott et al. using extracts from EM9 cells transfected with His-tagged XRCC1
resulted in co-purification of ligase III, indicating that the two proteins exist in a complex
in vivo (Caldecott et al., 1994). Further studies using cell-free extracts from XRCC1
deficient EM9 (and EM-C11) or wild type cells and specific α32PdNTPs (to investigate
either the short-patch or long-patch pathway) have correlated XRCC1 deficiency with
defective ligation, specifically in short-patch BER (Cappelli et al., 1997; Wong et al.,
2005).
Dianov and colleagues carried out formaldehyde cross-linking of protein-DNA
complexes during repair by human whole cell extracts and determined that POL β and the
ligase III-XRCC1 heterodimer are recruited following dissociation of APE1. They also
found ~2-fold decreased binding of ligase III-XRCC1 in POL β deficient cell extracts.
The reduced binding could be reversed by addition of wild type POL β but not pol
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β mutants that were unable to interact with XRCC1. This suggested that POL β recruits
the ligase III – XRCC1 complex to the site of repair (Parsons et al., 2005a).
No enzymatic function has yet been attributed to XRCC1 and several studies have
suggested that XRCC1 functions as a scaffolding protein that helps to coordinate
different steps in BER. Co-immunoprecipitation and yeast two-hybrid assays indicate that
XRCC1 interacts with POL β and PARP (poly ADP ribose polymerase), in addition to
ligase III (Caldecott et al., 1996). Co-immunofluorescence and FRET analyses have
shown that XRCC1 colocalizes with PCNA at replication foci in HeLa cells. Coimmunoprecipitation studies from whole cell extracts indicate that XRCC1 and PCNA
interact suggesting XRCC1 functions in the repair of single-strand breaks at replication
foci (Fan et al., 2004a). Vidal et al. performed yeast two-hybrid and far-western analysis
and reported that XRCC1 interacts with APE1 as well. In addition, XRCC1 stimulates
APE1 activity in vitro in a concentration-dependent manner. Also, Transfection of EM9
(xrcc1-/-) cells with XRCC1 resulted in increased APE1 activity. Assays using truncation
mutants revealed that the interaction between XRCC1 and APE1 is specific and requires
the N-terminal 36 amino acids in APE1 (Vidal et al., 2001). These observations
collectively suggest that XRCC1 physically links the incision and sealing steps of the AP
site repair process, thus coordinating successive steps in BER. The same group went on
to demonstrate that XRCC1 interacts physically with human OGG1, NTH1, MPG and
NEIL2, as shown either by reciprocal co-immunoprecipitation and yeast two-hybrid
analyses or affinity purification. In addition, XRCC1 stimulated MPG in vitro, as well as
reactions containing OGG1 and APE1, and increased Schiff-base complex formation by
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NTH1. Fluorescent co-localization studies have indicated that OGG1 and NTH1 colocalize at XRCC1 foci in the nucleus following H2O2 treatment (Marsin et al., 2003;
Campalans et al., 2005). This suggested that the function of XRCC1 may include the
base-excision step, thus providing a mechanism to orchestrate all the steps in BER.
DNA ligase I is known to seal nicks between Okazaki fragments during DNA
replication and also functions in long-patch BER. Ligase I null mice develop normally to
midterm but develop severe hematopoetic defects thereafter, indicating that ligase I is
essential for normal embryonic development (Bentley et al., 1996). Assays using AP sitecontaining circular DNA templates and cell-free extracts from a ligase I mutant human
fibroblast cell line (48BR.1G1), revealed decreased long-patch BER activity upon
exposure to alkylating agents, whereas short-patch repair remained unaltered. Ligase I
interacts with PCNA via an N-terminal eight-amino acid motif, and mutations in this
motif render ligase I unable to complement defects in 48BR.1G1 cells (ligase I deficient)
(Levin et al., 2000). Using affinity chromatography of crude extracts from bovine testis,
Wilson and colleagues reported that POL β interacts with ligase I, and that a complex of
these proteins could carry out repair of a single AP site in DNA (Prasad et al., 1996).
Studies with AP-site containing circular DNA substrates and purified proteins have
indicated that ligase I may regulate the repair patch size during POL δ or POL ε-repair
synthesis. (Pascucci et al., 1999).
X-ray crystallographic studies indicate that the ligase I DNA binding, adenylation,
and OB fold domains encircle the DNA substrate completely while stabilizing the DNA
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in a distorted fashion that brings the DNA termini at the nick in to position for catalysis
(Pascal et al., 2004).

1.5.7 FEN-1 (Flap Endonuclease-1)
FEN-1 is a structure-specific endonuclease that is essential for long-patch BER.
The biochemical activities of FEN-1 include a flap endonuclease (FEN), a 5’-3’
exonuclease (nick-translation) and a gap endonuclease (GEN) activity. These activities
are consistent with the requirement for FEN-1 in Okazaki fragment maturation (RNA
primer removal), resolution of dinucleotide and trinucleotide repeat secondary structures,
and in the long-patch repair pathway of BER. In addition, the exonuclease and gap
endonuclease activities of FEN-1 are thought to be involved in apoptotic DNA
fragmentation and resolution of stalled replication forks (Shen et al., 2005). fen-1-/- mice
are embryonic lethal, and fen-1 null blastocysts were found to be hypersensitive to γirradiation consistent with a role in DNA repair (Kucherlapati et al., 2002; Larsen et al.,
2003). apc- (adenomatous polyposis coli) mutant mice with a FEN-1 haploinsufficiency
(FEN-1 heterozygote) exhibited increased tumor progression and decreased survival rates
(Kucherlapati et al., 2002). Knockdown of FEN-1 expression in chicken DT-40 cell lines
did not affect cell viability, but increased the sensitivity of cells to alkylating agents and
H2O2, consistent with a role for FEN-1 in BER (Matsuzaki et al., 2002). Multiple studies
have reported interactions between FEN-1 and BER proteins, including APE-1, POL β,
POL ε, PCNA and WRN. FEN-1 deficiency is also thought to underlie pathological states
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including Huntington’s disease and myotonic dystrophy [For review see (Shen et al.,
2005)]..

1.5.8 Other BER accessory factors
XPG (Xeroderma Pigmentosum Group G)
XPG mutations are associated with elevated UV sensitivity seen in XPG and
XP(G)/CS patients. The XPG gene product is responsible for the 3’ cleavage during the
dual incision step in NER. Lindahl and colleagues conducted in vitro assays using
purified BER enzymes that revealed enhanced (~6-fold with equimolar XPG) NTH1
activity in the presence of XPG. Such stimulation was independent of XPG’s catalytic
activity and is likely mediated by XPG-induced enhancement of human NTH1 binding to
substrate DNA, as seen from gel-shift studies. Similar enhancement of activity was
detected with Schizosaccharomyces pombe Ntg but not with E. coli Nth and other BER
enzymes including human OGG1, UDG and APE1 (Klungland et al., 1999).

Poly ADP ribose polymerase-1 (PARP1)
PARP-1 has a high affinity for and binds single-strand breaks (or nicks), via its
zinc-finger DNA binding domain (Molinete et al., 1993). PARP-1 knockout mice are
hypersensitive to alkylating agents and ionizing radiation, and parp-1 null cell lines
exhibit genomic instability, consistent with a role in DNA repair. Shall and colleagues
reported interactions between PARP-1 and XRCC1; early work by the same group
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indicated a possible role of PARP1 in activation of ligation (Creissen & Shall, 1982;
Caldecott et al., 1996). PARP-1 is also required for assembly and stability of XRCC1 foci
following oxidative DNA damage (El-Khamisy et al., 2003). Cross-linking studies using
HeLa whole cell extracts and uracil-containing oligonucleotide substrates indicated that
PARP1 is the first protein to bind the lesion site after which it gradually dissociates.
PARP1 uses cellular NAD+ to poly (ADP-ribosylate) several cellular proteins, including
itself, which then favors PARP-1 dissociation from DNA. Inhibition of PARP catalytic
activity resulted in lack of PARP-1 dissociation from its substrate preventing downstream
repair. The study indicates that PARP-1 may function to protect single-strand breaks
present in excess of the capacity of the cellular repair machinery, protecting repair
intermediates against cellular nucleases (Parsons et al., 2005b). However, overactivation
of PARP-1 in response to inflammation and single-strand breaks, has been associated
with necrotic cell death, due to depletion of cellular NAD+ energy reserves, an effect that
could be reversed by a PARP-1 inhibitor. Hence, the activity of PARP-1 must be
maintained in a delicate balance in vivo (Izumi et al., 2003). Caldecott et al. characterized
a nick-sensing activity in DNA ligase IIIα and attributed this function to an N-terminal
Zn-finger domain that shares ~30% sequence identity with the PARP-1 nick-sensing Znfinger. Interestingly, Ligase IIIα was able to competitively inhibit DNA (nick)-dependent
PARP-1 activity in vitro, suggesting that Ligase IIIα may regulate excessive PARP-1
activity in vivo (Caldecott et al., 1996).
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YB1 (Y-box binding protein 1)
YB-1 belongs to a family of DNA-binding proteins with a cold-shock domain
(CSD) and was first identified as a protein that bound the inverted CCAAT (Y-box)
sequence in the promoter of MHC class II genes. YB-1 is now known to be a pleiotropic
factor that functions in transcriptional and translational regulation, alternative splicing
and in cellular responses to genotypic stress. YB-1 binds the Y-box DNA within human
MDR (multiple drug resistance) gene promoters in response to UV irradiation or cisplatin
treatment, and downregulation of YB-1 has been associated with increased sensitivity to
cisplatin. Conversely, cell lines with elevated levels of YB-1 display cisplatin-resistance.
Additionally, purified YB-1 exhibits 3’- 5’ exonuclease and endonucleolytic activity and
can separate duplex DNA with increased activity on DNA containing cisplatin adducts or
mismatches [For review see (Kohno et al., 2003)]. Teebor and colleagues reported that
YB1 interacted with human NTH1 in yeast-two hybrid screens and in affinity-based
purifications, stimulating both its glycosylase and lyase activities (Marenstein et al.,
2001). More recently, Hazra and coworkers used immunoaffinity purification, coimmunoprecipitation and far-western blotting to show that YB1 directly interacts with
NEIL2. This interaction stimulated the activity of NEIL2 by enhancing its turnover on
both bubble and duplex DNA substrates. The interaction between YB-1 and NEIL2 in
vivo, increased following UVA-induced oxidative stress. As well, YB-1 was reported to
interact with POL β and ligase IIIα in vitro, but not with PNK (Das et al., 2007).

WRN (Werner’s syndrome protein)
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WRN is a multifunctional nuclear protein and a member of the RecQ family of
helicases with ATP-dependent helicase and 3’-5’ exonuclease activities. Defects in WRN
manifest as Werner’s syndrome, characterized by premature aging, genomic instability,
early occurrence of age-related diseases, including cataract, osteoporosis, atherosclerosis
and high incidence of cancer. The molecular defect(s) underlying Werner’s syndrome are
not completely understood. Growing evidence indicates an important role for WRN in
HR-directed repair and BER, and impairment of either might underlie the clinical
symptoms of Werner’s syndrome. Bohr and colleagues used affinity purification and coimmunoprecipitation from HeLa cell extracts to show that WRN physically interacts with
FEN-1. The endonuclease activity of FEN-1 was greatly enhanced by WRN, when tested
on 1-nt and 5-nt long flap substrates; interestingly this increase was independent of WRN
catalytic activity (Brosh et al., 2001). WRN also interacts with POL δ, and PCNA,
consistent with a role in DNA replication or long-patch BER (Opresko et al., 2003). The
same group went on to show that WRN could physically interact with POL β as seen in
co-immunoprecipitation and affinity purification assays using HeLa nuclear extracts.
WRN (and also FEN-1) was found to stimulate strand displacement synthesis by POL β
in a helicase-dependent manner. WRN was shown to unwind several BER strand break
intermediates suggesting a function in BER (Harrigan et al., 2003; Ahn et al., 2004).
APE1 was shown to inhibit WRN unwinding of BER intermediates, likely via binding to
nicked AP sites. Thus APE1 may regulate WRN activity and prevent promiscuous
unwinding of repair intermediates. As predicted, the APE1-mediated inhibition of WRN
was relieved in the presence of POL β. WRN was shown to interact directly with APE1,
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as seen in GST pull-down assays, and in ELISA and dot-blot assays, and to colocalize
with APE1 foci. Thus, APE1 may recruit WRN to the site of BER (Ahn et al., 2004).
More recent work supporting a role for WRN in BER involved siRNA knockdown of
WRN that rendered cells hypersensitive to the alkylating agent MMS; as well extracts
from such cells were found to be deficient in long-patch BER (Harrigan et al., 2006).

Structure, organization and regulation of chromatin
DNA in the eukaryotic nucleus is packaged in a nucleoprotein filament,
chromatin, the fundamental repeating unit of which is the nucleosome. Such packaging of
DNA with histone and non-histone proteins, with increasing levels of structural
compaction into the chromosome, allows for accommodation of the 3 billion bp human
genome (> 2m long at 2n) into a ~10 um nucleus (See Ch1-Figure 10).

1.6 Structure of the nucleosome
Seminal work in the early 1970s provided insights into fundamental features of
chromatin that have now built up into a comprehensive understanding of at least some
levels of chromatin architecture. Incubation of nuclei with limited amounts of nuclease
revealed 180-200 bp long repeating elements in chromatin that upon more extensive
digestion were trimmed down to ~146 bp units (Hewish & Burgoyne, 1973).
Sedimentation analysis of such extensive MNase-digested chromatin indicated that the
146 bp particles had a mass of around 200,000 Da, of which the protein component (the
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histone octamer) contributed ~110,000 Da. Electron microscopic analyses revealed a
‘bead-in-string’ appearance of chromatin, and each repetitive ‘particle’ was found to be
~10 nm in diameter (Woodcock et al., 1976; Wolffe, 1998). Studies using histone
extraction and fractionation, or chemical cross-linking revealed that the core histones
H2A, H2B, H3 and H4 in the nucleosome occurred in stoichiometric amounts (reviewed
in Wolffe, 1998). MNase digestion of whole nuclei revealed that as much as 80% of
DNA was packaged in nucleosomes (Noll, 1974). These and other studies led to
Kornberg’s ‘nucleosome model’ (Kornberg, 1974), in which each ‘particle’ was
composed of ~140 bp DNA wrapped around a histone octamer consisting of one H3-H4
tetramer and two H2A-H2B dimers.
Analyses of the shortest MNase digestion products fractionated by native gel
electrophoresis indicated that a linker histone was present in the 200 bp particle, but was
absent from the 146 bp particle (Simpson, 1978). The ~200 bp DNA complexed with the
core histones (octamer) and a single linker histone was termed a nucleosome. A
nucleosome core particle (NCP) included the histone octamer core complexed with ~146
bp of DNA. DNase I analysis of NCPs revealed cleavage with a periodicity of 10-11 bp
throughout the length of DNA, suggesting that all 146 bp of DNA must lie on the surface
of the histone octamer making it accessible to DNaseI, once every helical turn. This was
confirmed by neutron-scattering experiments based on the principle that a particular
macromolecule could be rendered invisible by modifying the D2O to H2O ratio in the
solvent. This confirmed that DNA in the nucleosome had a greater radius of gyration for
the DNA than the protein component, indicating that the DNA must be wound around the
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surface of the histone octamer (Pardon et al., 1975). Early crystal structures of the
nucleosome showed that the NCP is disc-shaped, 11 nm in diameter and 5.6 nm in height,
with the DNA wrapped around the histone octamer in 1.75 left-handed superhelical turns
(Shure & Vinograd, 1976; Finch et al., 1977; Richmond et al., 1984). Crystal structure
analyses, as well as studies using singlet oxygen, hydroxyl radicals and DNaseI indicated
that DNA on the surface of the nucleosome assumes a non-uniform curvature. The central
2-3 turns contain 10.5-10.7 bp/turn, while the flanking nucleosomal DNA has a helical
periodicity of ~10 bp/turn. Hence, wrapping of DNA around the histone octamer confers
an average helical periodicity of 10.2 bp/turn (when compared to 10.5 bp/turn for B-form
DNA in solution) [reviewed in (Wolffe, 1998)]. Crystal structure studies of the histone
octamer by Arents and Moudrianakis suggested that such differences in DNA curvature
in the nucleosome could be attributed to the intrinsic architecture of the histone octamer.
Specifically, H3-H4 were found to form a surface at the center of the nucleosome with an
arrangement of Arg residues that favored interaction with DNA at a helical periodicity of
~ 10.7 bp/turn. The spacing of basic amino acids on the DNA-binding surface of core
histones away from the dyad center, allowed for interactions with DNA at ~10 bp
intervals (Arents & Moudrianakis, 1993).

1.6.1 The histone octamer
The core histones are small (11-16 kDa) basic proteins that are highly conserved
in length and primary sequence, underscoring their importance in chromatin architecture
and other chromatin transactions. However, some cases have been noted where proteins
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other than histones package DNA. Dinoflagellates have DNA packaged with small basic
proteins unlike histones and most DNA in mammalian spermatozoa is compacted with
basic proteins known as protamines [Reviewed in (Wolffe, 1998)].
H3 and H4 core histones form tetramers [(H3-H4)2] in solution, while H2A and
H2B heterodimerize forming H2A-H2B dimers. High salt concentrations result in
dissociation of core histones from nucleosomes (with the H2A-H2B dimer dissociating
first at ~0.6M and the H3-H4 tetramer removed at ~1.2M NaCl), indicating that the major
histone-DNA interactions in the nucleosome are electrostatic in nature. Studies involving
chemical crosslinking of DNA to the histone octamer (DNA methylation and
depurination followed by Schiff base formation with histones) have revealed that the core
histones are organized in a symmetric linear array along the length of the DNA molecule
[Reviewed in (Wolffe, 1998)]. H3 and H4 occupy the center while the H2A-H2B dimers
were found to bind at the periphery of the nucleosome. H3 was also found to make
contacts with DNA at the points of entry and exit from the nucleosome. Hydroxy radical
footprinting studies were consistent with the finding that the H3-H4 tetramer could form
sub-nucleosomal particles occupying the central ~120 bp of DNA and that the H2A-H2B
dimer contributed to packaging DNA on either side of the tetramer (Hayes et al., 1991).
Crystal structure studies of the histone octamer and the nucleosome core particle
have provided a detailed picture of nucleosome structure and defined the nature of
histone-histone and histone-DNA interactions (Arents & Moudrianakis, 1993; Luger et
al., 1997). All the four core histones contain an extended C-terminal histone-fold domain
and a charged N-terminal tail that contains most of the basic amino acids residues.
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Histone-fold domains contain three α helices, a long central helix, that forms a
dimerization interface (in a ‘hand-shake’ like motif), joined to two flanking shorter
helices via (two) loop segments. The loop segments have some β strand structure and pair
with loop segments of the adjacent core histone in the heterodimer to form a β bridge.
Hence, the histone octamer has 16 loop segments (two per histone) that form eight βbridges. Each β-bridge contains at least two positively charged amino acids that can
interact with DNA on the surface of the histone octamer. In addition, the N-terminal ends
of the first α helical domain of histones in a heterodimer, pair to form a ‘paired ends of
helices’ motif, with a total of four such motifs (from two H2A-H2B dimers and two H3H4 dimers in the H3-H4 tetramer) in the nucleosome that can also contact DNA. Hence,
3 motifs (2 β-bridge motifs and 1 ‘paired ends of helices’ motif) in each of the four
heterodimers in the histone octamer can form 12 contacts with the histone-facing minor
groove of DNA. The remaining two turns of DNA are bound by helix-loop segments of
histone H3. The electrostatic interactions between Arg residues in histone-fold domains
and the DNA phosphodiester backbone are indicated to be the most important contacts
for organization of the nucleosome. Studies using low molecular weight chemicals (2,4,6trinitrobenzene and 2,3-butanediol) to probe accessibility of Arg and Lys residues,
indicated that only 14 Arg residues (located in the β bridge and paired ends of helices
motifs) are required to wrap DNA in the nucleosome. Arg residues can participate in both
H-bonding and electrostatic interactions with the DNA phosphate backbone which may
contribute to stabilization of the nucleosome core.
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The histone N-terminal tails also contact DNA at different points in the
nucleosome although their removal did not significantly impact nucleosome assembly,
structure or stability. Histone H4 N-terminal tails were found to contact the DNA 1.5
helical turns from the dyad, while H2A (which contains both N- and C-terminal tails) Cterminal tail contacts the DNA at the dyad center. The N-terminal tails of histones H2A
and H2B were found to bind DNA at the periphery of the nucleosome. Although, the
histone tails do not contribute to the overall architecture of the nucleosome core particle,
post-translational modifications of the lysine residues in the tail have been associated
with changes in nucleosomal conformation and increased chromatin accessibility as will
be discussed below. In addition the N-terminal tails have been implicated in proteinprotein interactions.
Overall, the histone octamer can be likened to a central V-shaped wedge
comprising the H3-H4 tetramer with the H2A-H2B dimers flanking the tetramer as
flattened spheres, forming a cylindrical structure (See Ch1-Figure 11). The surface of
this cylindrical octamer has grooves and ridges along which the DNA is threaded into a
left-handed superhelix.

1.6.2 Nucleosome positioning: role of DNA sequence
Most naturally occurring DNA sequences can be packaged into nucleosomes
whereas dsRNA, RNA-DNA hybrids, Z-form (left-handed) DNA, long stretches of rigid
d(A):d(T) DNA and cruciform or hairpin structures cannot. In many instances,
nucleosomal DNA adopts a preferred rotational and translational positioning relative to
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the underlying histone octamer. Translational positioning refers to the 146-147 bp
register on the DNA occupied by the histone octamer. Rotational positioning defines the
face of the DNA that contacts the histone octamer versus sequences that face away from
it. Early studies demonstrated that 5S DNA gene sequences formed similarly positioned
nucleosomes with chicken, frog and yeast core histones. Experiments using mutated 5S
DNA sequences indicated that the central 40-60 bp of nucleosomal DNA is critical for
positioning. This region of DNA must accommodate the sharp bends and distortion seen
close to the nucleosome dyad. The 5S DNA sequence consists of short runs (4-6 bp) of
oligo d(A):oligo d(T) per helical turn, that impart natural curvature to the DNA (due to
alternating narrow minor-grooves), making it a favored sequence to wrap around the
histone octamer. In addition, TATA box elements (found in many gene promoters)
repeated every 10 bp as well as repetitive CT dinucleotide and CTG trinucleotide repeats
favor nucleosome positioning. Expansion of the CTG trinucleotide repeat has been
implicated in diseases including Huntington’s disease, mytonic dystrophy and
spinocerebellar ataxia, and (CTG)n have been shown to associate strongly with histone
octamers. Such nucleosome positioning over (CTG)n -containing enhancer elements has
been implicated in repression of downstream genes resulting in disease pathogenesis
(Klesert et al., 1997; Thornton et al., 1997).
Nuclease protection studies with either the H3-H4 tetramer or the histone octamer
wrapped around nucleosomal DNA revealed similar positioning over the central 120 bp
of DNA around the nucleosome dyad center. This suggested that the H3-H4 tetramer is
primarily responsible for the recognition of DNA sequence elements and positioning of
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the nucleosome (Hayes et al., 1991). Linker histones have also been shown to influence
translational positioning of the nucleosome as in the case of the 5S DNA sequence where
the histone octamer can normally occupy many alternate but distinct translational
positions (Meersseman et al., 1991). Such mobile nucleosomes are accessible to the
transcription machinery. However, the presence of linker histone restricts octamer
movement resulting in one predominant translational position, and transcriptional
repression (Pennings et al., 1994; Ura et al., 1995). Assays involving Fe(II)EDTAconjugated linker histones, as well as neutron scattering studies have indicated that the
H1 linker histone might be bound inside the superhelical gyre of the nucleosome,
specifically interacting with the major groove of nucleosomal DNA and simultaneously
contacting the histone octamer (Hayes, 1996). Linker histones have also been shown to
position the chicken β globin gene (Liu et al., 1993).

1.6.3 Linker histone interaction with nucleosomal DNA
The linker histone H1 (and H5 in chicken erythrocytes) is highly basic, and at
>20 kDa, is larger than core histones. H1 binds the linker DNA between nucleosome core
particles that may vary in length from 30-50 bp in higher eukaryotes to as short as ~20 bp
in yeast. Linker histones are the least tightly bound to nucleosomal DNA and can be
dissociated by moderately high salt concentrations (0.35M NaCl). Structurally, they
consist of a central winged-helix domain that is thought to be involved in binding the
nucleosome, and highly charged N- and C-terminal tails that bind linker DNA (Clark et
al., 1988). Linker histones are much less conserved than the core histones and can be
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structurally diverse. Tetrahymena linker histones completely lack the central structured
domain and consist of a polypeptide similar in sequence to the C-terminal domain of
metazoan linker histones, while a yeast H1-like protein contains two structured wingedhelix domains. Experiments with various proteolytic fragments of H1 have suggested that
the structured domain binds nucleosomal DNA where it enters and leaves the histone
octamer, in addition to the DNA around the dyad center of the nucleosome, effectively
stabilizing the nucleosome core and reducing nucleosomal mobility (Allan et al., 1980;
Staynov & Crane-Robinson, 1988). Studies have indicated that linker histones facilitate
but are not essential for higher order folding of nucleosomal arrays, as will be discussed
in following sections.

1.7 Higher order chromatin structure
1.7.1 The 30 nm chromatin fiber
The 11 nm-wide poly-nucleosome fiber undergoes several levels of packaging to
attain the > 50,000-fold compaction seen in the mitotic chromosome, the details of which
are far from being completely understood. Many studies have revealed that extended
nucleosomal arrays can be compacted just by altering the concentration of monovalent
and divalent cations. Specifically, chromatin at very low salt concentrations (e.g. 0.2 mM
EDTA, 1 mM triethanolamine chloride), gives a zig-zag bead on a string appearance,
whereas, at higher ionic strengths (> 40 mM NaCl) chromatin condenses into 30 nm,
irregular, rod-shaped structures similar to what may be observed in interphase nuclei. In
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addition, ≥ 1 mM Mg++ was shown to stimulate chromatin compaction in vitro, and Mg++
is believed to play an important role in compacting chromatin in vivo. Interestingly, the
Mg++ concentration has been found to increase from ~3 mM in interphase nuclei to ~ 17
mM in metaphase chromosomes (Strick et al., 2001). Studies comparing the salt-induced
folding of chromatin 11 nm fibers in the presence or absence of H1 suggests that linker
histones facilitate chromatin compaction, although chromatin folding into the higher
order 30 nm fiber can be largely spontaneous. Genetic studies with Tetrahymena strains
lacking linker histone genes revealed normal growth, although the size of the nucleus was
doubled, indicating that linker histones are required for efficient compaction of chromatin
(Shen et al., 1995). Similarly, Xenopus laevis oocyte extracts depleted of the linker
histone B4 retained their ability to assemble nuclei from sperm chromatin and initiate
replication and chromosome condensation, similar to that seen with wild type extracts
(Ohsumi et al., 1993). These observations suggest that linker histones are not essential for
chromatin compaction but they do facilitate more efficient packaging of chromatin.
Two separate models for the structure and assembly of the 30 nm fiber have
been proposed based on studies conducted so far. Klug and colleagues studied the saltdependent folding and unfolding of chromatin using electron microscopy and proposed a
‘simple solenoid model’ for compaction into the 30 nm fiber. According to this model,
the polynucleosome chain is wound in a helix with around six nucleosomes per helical
turn with the intervening DNA constrained by linker histones. The helical pitch as
observed by striations on the rod-like structures was estimated to be ~11 nm, suggesting
that nucleosomes may be stacked with the long axis parallel to the helical fiber (Thoma et
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al., 1979). Neutron-scattering experiments on the 30 nm fiber have suggested that the
linker histone is not exposed to the exterior and is likely positioned in the interior of the
fiber (Graziano et al., 1994). This was supported by studies that revealed reduced
accessibility of linker histones to proteases or specific antibodies. Since H1 is known to
bind co-operatively to naked DNA, it has been suggested that there may be interactions
between linker histones in the 30 nm chromatin fiber imparting stability and direction to
the helical structure (Lennard & Thomas, 1985). Recently, Robinson et al. (Robinson et
al., 2006) performed studies using in vitro reconstituted very long nucleosome fibers [4772 nucleosomes; DNA with variable repeat lengths (10-70 bp of linker DNA) were used]
that were then compacted by dialysis into 1.0 – 1.6 mM MgCl2 and analyzed by negative
staining. The electron micrographs revealed formation of 33 nm or 44 nm diameter
compacted fibers, as a function of repeat length, with 11 nucleosomes / 11 nm helical rise
(pitch) or 15 nucleosomes / 11 nm pitch, respectively. This led them to propose a
modification of the simple solenoidal model termed the ‘interdigitating one-start helix
model’ where nucleosomes in adjacent helical gyres are interdigitated so as to
accommodate the high nucleosomal packaging density observed in their electron
micrographs.
The second prominent model proposed was based on a ‘two-start zig-zag’
conformation of the compacted 30 nm fiber originally proposed by Langmore and
colleagues (Williams et al., 1986). Based on electron cryo-microscopy of compacted
chromatin fibers, Woodcock and colleagues suggested that the extended chromatin fiber
having a zig-zag conformation may be compacted maintaining the same zig-zag pattern
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into a helical or twisted (criss-crossing linker DNA) structure. The linker DNA assumes a
straight path in both (helical or twisted) cases, unlike in the ‘interdigitating solenoid
model’ where the linker DNA is thought to be coiled or bent around the linker histone in
the interior of the solenoidal structure (Bednar et al., 1998). In a later study, Richmond
and coworkers performed cross-linking followed by endonuclease accessibility assays to
study the structure of compacted chromatin. They used Cys substitution mutants of H4
and H2A to allow disulphide cross-links (H4 V21C with H2A E64C) between closely
packed nucleosomes in chromatin compacted in the presence of Mg++ or linker histones.
The impetus for use of these residues for cross-linking, came from a previous
crystallography study that revealed internucleosomal interactions between the base of the
H4 N-terminal tail of one nucleosome, with the H2A-H2B acidic patch (also discussed
later) of a neighboring nucleosome in the crystal lattice (Luger et al., 1997). The
compacted and cross-linked chromatin fibers were first treated with Sca I to cleave the
linker DNA and then observed by electron microscopy. With the linker DNA cleaved, the
compacted chromatin appeared as two separate stacks (with the nucleosomes in each
stack or column now cross-linked) likely formed by a zig-zag path of nucleosomes
compacted so that alternate nucleosomes are stacked. These observations were consistent
with the ‘two-start model’ where two-stacks of nucleosomes are compacted either by
coiling (‘two-start supercoiled’) or by twisting (‘two-start twisted’) about a central axis
(Dorigo et al., 2004). The same laboratory went on to solve the structure of a
tetranucleosome to a resolution of 9 A, that although low, was able to place the positions
of the nucleosomes and linker DNA, revealing two rows of two nucleosomes in a zig-zag
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pattern with linker DNA criss-crossing between them. This was in support of the ‘two
start model’ of chromatin compaction (Schalch et al., 2005). Dorigo et al. (Dorigo et al.,
2004) have also suggested a role for the H4 N-terminal tail (and perhaps H4 V21) in
higher order chromatin compaction. However, this predicted H4 tail interaction with an
H2A-H2B dimer on an adjacent NCP, was not detected in the tetranucleosome crystal,
raising questions about the role of this interaction in the 30 nm fiber.
Studies involving analytical ultracentrifugation indicated a requirement for the
H4 N-terminal tail, specifically, amino acid residues 14-19, for complete chromatin
compaction into the 30 nm fiber (Dorigo et al., 2003). Peterson and colleagues found that
nucleosomal arrays reconstituted using acetylated H4 Lys 16 (in the H4 N-terminal tail)containing nucleosomes, failed to form the compacted 30 nm fiber, as was also seen
when the H4 N-terminal tail was deleted (Dorigo et al., 2003; Shogren-Knaak et al.,
2006).
The ‘acidic patch’ (a cluster of 7 amino acids) in H2A is also thought to be
involved in chromatin condensation into the 30 nm fiber. An extended acidic patch in
H2AZ (an H2A variant where Asp and Ser residues replace the corresponding Asn and
Lys in the H2A acidic patch) has been shown to facilitate formation of a highly
compacted 30 nm fiber. This might be expected given that H2AZ is enriched in
pericentric and other heterochromatin regions (Fan et al., 2004b). Another variant of
H2A, H2A-BbD (Barr-body deficient) has been reported to lack an acidic patch
altogether and, interestingly, has been found in all chromosomes except the inactive X
chromosome (Barr body), as revealed from immunofluorescence studies. This is
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suggestive of a role for H2A-BbD in maintenance of the unfolded, transcriptionally
active state of chromatin, or in the inhibition of chromatin compaction (Chadwick &
Willard, 2001). These observations together implicate the histone H4 N-terminal tail and
the H2A-H2B acidic patch in higher order folding, and it is likely that interactions
between the two might occur. In addition, the histone H4 R45C SIN (Swi-independent)domain mutants (characterized by their ability to alleviate effects of mutations in SWI or
SNF genes) were found to inhibit the magnesium-dependent folding of nucleosomal
arrays into the 30 nm fiber, indicating a role for the H4 SIN domain (located in the
histone-fold region) in chromatin compaction (Horn et al., 2002).
Interestingly, biochemical and crystallographic studies have implicated the
H2A-H2B acidic pocket in binding herpes virus LANA (latency associated nuclear
antigen encoded by Kaposi sarcoma-associated herpes virus), a protein that tethers the
viral episome to mitotic chromosomes allowing for episomal persistence and segregation
during mitosis. This suggests that the H2A-H2B acidic patch and nucleosomes in general,
may serve as ‘docking stations’ for cellular as well as viral proteins (Barbera et al., 2006).

1.7.2 Chromosomal architecture: Folding of the 30 nm fiber into the
mitotic chromosome.
The chromatin fiber is folded into large structural domains that are further
packaged to make up the mitotic chromosome. These domains have been shown to
interact with the nuclear skeleton and nuclear scaffold or matrix, that allows for physical
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and functional separation of large sections of chromatin in the nucleus. There are two
main models for the folding of the 30 nm fiber into the compacted mitotic chromosome.
In the widely accepted ‘radial loop’ model, the 30 nm fibers form large loops that are
domains radially arranged and anchored to protein-rich ‘metaphase scaffolds’ along the
chromosomal axis (Paulson & Laemmli, 1977). The second model proposes a hierarchial
helical folding of chromatin resulting in a 250 nm diameter fiber that is coiled again to
attain the compaction seen in the metaphase chromatid.
Microscopic analysis of lampbrush chromosomes in amphibian oocytes revealed
extensive looping from a central axis suggestive of a radial arrangement of chromatin
fibers. Mild DNase I treatment of intact chromosomes and analysis of fragment sizes
revealed a predominant fragment length of ~85,000 bp (Wolffe, 1998). High saltmediated extraction of histones and electron microscopy of fractionated nuclei revealed
40-80,000 bp domains, as estimated from the region where the DNA appeared to exit
from and re-enter into a region of the residual nucleus. These observations were
consistent with the organization of chromatin into loop domains with an average loop
size of 50-100 kbp. The mitotic scaffold that anchors the loop domains was originally
proposed to be a contiguous meshwork of protein along the axis of the chromosome as
observed in early studies of scaffold preparations (MNase-treatment followed by histone
depletion) by fluorescence and electron microscopy (Adolphs et al., 1977). Further
studies identified topoisomerase II and SMC 2 (structural maintenance of chromatin 2), a
condensin subunit, in scaffold fractions of mitotic chromosomes. Immunolocalization
studies revealed axial distribution of topoisomerase II with ~3 molecules per average
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70,000 bp loop domain, while SMC 2 was found to colocalize with topoisomerase II in
mitotic chromosomes (Gasser et al., 1986; Saitoh et al., 1994). Analyses of
topoisomerase II cleavage products generated by epipodophyllotoxins that stabilize topo
II –induced double-strand breaks revealed fragments ranging in size from 50 to 300 kbp
potentially representing increasing levels of organization (Wolffe, 1998).
There are also observations that support the helical folding model for higher
organization of chromatin. Electron microscopic analyses of large plant chromosomes
and animal chromosomes, under certain conditions of fixation, revealed a spiral or coiled
appearance suggesting helical packaging. Studies involving Drosophila mitotic
chromosomes revealed hierarchies of folded 30 nm fibers including 50 nm, 100 nm and
130 nm diameter structures. Some discernable looping was observable with the 30 and 50
nm fibers, however, no radial pattern of looping was observed, nor was a central
continuous scaffold evident. Robinett et al. (Robinett et al., 1996) integrated several
copies of the lac operator into chromosomes that would enable analysis of chromatin
domains containing these segments using a GFP-tagged Lac repressor. Large, folded
chromatin fibers (~100 nm diameter) were recorded using this technique, consistent with
previous observations. Belmont used a similar technique combined with fluorescence- or
immunogold staining to detect the Lac repressor. They found the Lac repressor in 200300 nm regions in the chromosome covering half to two thirds of the mitotic chromatid
thickness, suggesting that an ~250 nm (diameter) architectural subunit may assemble into
the mitotic chromatid arm (Strukov et al., 2003).
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Poirier et al. studied the mitotic chromosome structure based on
micromechanical force measurements during nuclease digestion. Digestion of stretched
chromosomes by MNase as well as four base pair recognition site restriction
endonucleases resulted in inability of a normally elastic chromosome to support a given
force. Longer nuclease treatments lead to complete dissolution of the chromosome,
suggesting that a contiguous protein scaffold anchoring the folded chromatin in
chromosomes, may not exist. The authors went on to propose a ‘chromatin network
model’ where the architectural support in the chromosome is provided by a cross-linked
network of chromatin likely in concert with isolated pockets of scaffolding proteins
(Poirier & Marko, 2002).
With three different models, the mechanism of structural organization and
compaction of the 30 nm fiber into the mitotic chromosome is inconclusive. It appears
that chromatin loops occur in vivo, but likely not in a uniform radial arrangement or
anchored to a contiguous scaffold. Such loops may be further folded into complex
structures to form the chromosome [Reviewed in (Wolffe, 1998)].

1.8 Euchromatin and heterochromatin
The eukaryotic genome can be divided into two structurally and functionally
distinct states based on packaging, euchromatin and heterochromatin. Euchromatin is a
more open chromatin structure that stains weakly but contains most of the
transcriptionally active genome. Heterochromatin regions are highly condensed
throughout the cell cycle, stain more intensely than normal during metaphase, and are
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largely transcriptionally inert. In general, heterochromatin replicates late in the S phase,
although recent studies indicate that the heterochromatic centromeric and silent mating
type loci in fission yeast replicate early (Kim et al., 2003).
The occurrence and distribution of heterochromatin in the nucleus is nonrandom, with areas of concentration in the pericentromeric and telomeric regions, the
silent mating type loci in yeast, the nucleolar domain containing tandemly repeated
rDNA elements, and the constitutively inactive X chromosome (Xi or Barr body) in
mammalian females. The bulk of heterochromatin (yeast mating type loci, telomeric
sequences and the Barr body) appears to be closely associated with the nuclear periphery,
as seen in electron microscope studies. The nuclear periphery seems to be an environment
rich in heterochromatinizing or silencing proteins and transcriptional repressors, making
it a more or less transcriptionally inactive compartment in the cell (Shinkura & Forrester,
2002).
The expression of genes positioned near heterochromatin borders has been
found to be variable, a phenomenon first demonstrated by Muller in Drosophila
melanogaster, where X-irradiation induced inversion of an X chromosome segment
juxtaposes the white gene (red eye color in wild type) with the pericentromeric
heterochromatin resulting in a variegated, red-white mottled eye color [reviewed in
(Dimitri & Pisano, 1989)]. Such ‘position-effect variegation’ (PEV) is thought to occur
due to spill over or extension of the heterochromatinizing proteins into adjacent areas of
euchromatin, or probably due to sequestration into compartments of the nucleus where
transcription is deficient (such as the nuclear periphery).
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A search for mutations that modify (suppress or enhance) position-effect
variegation (PEV) revealed proteins involved in formation and regulation of
heterochromatin, including su(var)2-5 (Suppressor of variegation 2-5), which encodes
HP1 (heterochromatin protein 1), and su(var)3-9, which encodes a histone methyl
transferase (HMT). HP1 was enriched in heterochromatic regions and mutations in the
gene were correlated with suppression of the variegation effect, indicative of a role in
heterochromatin formation and possibly spreading (Eissenberg et al., 1990). HP1 is
conserved and homologues have been found in most eukaryotes, including mammals,
plants, Neurospora, and fission yeast; it is however lacking from budding yeast.
Homozygous mutations in su(var)2-5 are lethal at the third instar larval stage, suggesting
an essential role for HP-1 in normal development (Eissenberg & Hartnett, 1993). HP1 has
also been found to be downregulated in metastatic breast cancer cells (discussed below),
indicating a role in regulating metastasis.
HP1 and related proteins contain an N-terminal chromo (chromatin modifying)
domain (CHD) that binds trimethylated H3K9 residues (in the H3 N-terminal tail), a posttranslational modification that depends on the su(var)3-9 histone methyl transferase
(HMT). HP1 also contains a C-terminal chromo-shadow domain (CSD), separated from
the CHD by a linker or hinge region, that interacts with and recruits su(var)3-9 (HMT),
leading to methylation of adjacent nucleosomes. This may facilitate the spread of
heterochromatin (Hediger & Gasser, 2006). The CSD domain also facilitates dimerization
of HP1 that creates a CSD-CSD platform for interaction with several nuclear proteins
including the KAP1 or KRAB (Kruppel-associated box)– associated protein (a
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transcriptional co-repressor) and the lamin B receptor (a nuclear architecture protein).
These various protein-protein interactions help recruit HP1 to chromatin, including
euchromatic loci thus mediating gene repression. HP1 associates with SUV39 H1
(mammalian homologue of Drosophila Su(var)3-9 HMT) and transcriptional corepressors such as RB (retinoblastoma) at the cyclin E promoter, effecting gene
repression. HP1 also effects gene repression in association with KAP1, as shown using
chromatin immunoprecipitation and fluorescent in situ hybridization in mammalian cell
lines expressing a KAP-repressible transgene (Ayyanathan et al., 2003).
Interestingly, while HP1 participates in repression of euchromatic genes, it is
essential for expression of certain genes that reside within heterochromatic loci. Indeed, a
Drosophila whole genome analysis has indicated that many genes embedded within
Su(var)3-9 and HP1- rich pericentromeric heterochromatin have medium to high
expression levels. Two such genes, light which encodes an essential protein involved in
vesicle transport and rolled which encodes an essential, mitogen-activated protein (MAP)
kinase, are positioned and active within the pericentric chromatin. Surprisingly,
translocation of these genes into euchromatic regions resulted in variegated gene
expression. It remains to be determined if HP1 has a direct role in activating these genes
or if the packaging and repression of the surrounding, repeat-rich DNA by HP1 allows
for normal functioning of these genes (Lu et al., 2000; Hediger & Gasser, 2006).
Affinity pull down and yeast two-hybrid studies have revealed that HP1
interacts with the lamin B receptor, an inner nuclear membrane protein, in an HP1-CHD
domain-dependent manner (Ye et al., 1997). HP1 is also seen to interact with the nuclear
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envelope as indicated from protein microinjection studies in cell lines as well as assays
using purified nuclear envelopes (Kourmouli et al., 2000). Both these studies suggest that
a portion of heterochromatin known to be associated with the nuclear envelope could be
targeted to the inner nuclear lamina via HP1 binding to the lamin B receptor. In addition,
immunofluorescence analyses indicated that lamin B receptor containing inner nuclear
membrane vesicles are targeted to chromosome ends (likely via interactions with HP1)
toward the end of mitosis, seeding the reassembly of the nuclear membrane (Chaudhary
& Courvalin, 1993).
The exact mechanism of HP1-mediated chromatin compaction leading to
heterochromatinization is not yet understood. Sedimentation analyses indicate that HP1
can preferentially facilitate Mg++ - dependent compaction of in vitro reconstituted
nucleosomal arrays containing H2AZ compared to H2A-containing arrays. This suggests
that HP1 cooperates with H2AZ in higher order folding of nucleosomal arrays (Fan et al.,
2004b).
Northern blotting of whole cell mRNA and protein immunoblotting studies
have revealed levels of HP1 mRNA and protein in invasive metastatic breast cancer cells
that are reduced compared to less invasive cell lines. Consistent with this, HP1 levels are
also reduced in metastatic tissues compared to primary breast cancer tissues, as
demonstrated by immunohistochemical staining (Kirschmann et al., 1999; Kirschmann et
al., 2000). Norwood et al. (Norwood et al., 2006) conducted studies with highly invasive
MDA-MB-231 breast cancer cell lines (deficient in HP1) transfected with site-directed
mutants of HP1, where a W174A CSD domain mutant which abolishes interactions with
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some partner proteins, reduced the invasiveness of cells similar to that seen with the wild
type HP1 protein. However, expression of an I165E CSD mutant which is deficient in
homodimerization, did not reduce invasiveness, indicating a role for HP1 dimerization in
altering the invasive potential of breast cancer cells. These observations led Norwood et
al. to propose that HP1 may repress the expression of genes required for metastatic
invasion by creating compact chromatin structures that might be facilitated or stabilized
by interactions between HP1 proteins.
The polycomb group (PcG) is another important class of proteins involved in
heterochromatin formation and gene silencing, primarily via induction of epigenetic
modifications on histones (or ‘histone marks’). The PcG proteins were originally
identified in Drosophila as repressors of the Hox (homeobox-containing) cluster of genes
that determine the segmental patterning during development. Homologues of Hox genes
are present in yeast and in vertebrates as well, and defects in polycomb proteins have
been associated with skeletal malformations in higher eukaryotes [For review see
(Sparmann & van Lohuizen, 2006). PcG proteins help maintain a long-term state of
repression in genes that may be originally turned off by transient signals during
development.
In general, heterochromatic regions are enriched in methylated H3K9, H3K27
and H4K20 residues. In contrast, acetylation of H3 and H4 tails and methylation of
H3K4, H3K36 and H3K79 residues are linked to euchromatin and transcriptionally active
regions (also discussed later). The correlation of these histone marks with chromatin
states is, however, not universal (Horn & Peterson, 2006) Chromatin
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immunoprecipitation assays indicated that the Polycomb protein (Pc), a component of the
polycomb repressive complex 1 (PRC1), binds H3K27Me3 and H3K9Me3 marks
generated by Enhancer of Zeste [E(Z)], a component of a PRC2 complex (Cao et al.,
2002; Czermin et al., 2002). In addition, Pho, a member of a third PcG complex called
PhoRC (Pleiohomeotic repressive complex) recognizes and recruits PRC2 proteins to
specific polycomb responsive elements (PRE) in target genes. Hence, Pho and E(Z) are
recruited sequentially to target gene PRE elements, which may be followed by
trimethyation of H3K27 and H3K9 residues and binding by Pc. In a recent study Muller
and colleagues found that the “off” state of the Ubx (ultrabithorax; a homeotic gene) gene
is associated with extensive trimethylation at H3K9, H3K27 and H4K20 along upstream,
promoter and coding regions of the gene, as revealed by chromatin immunoprecipitation.
In the “on” state, trimethylation of the same residues was seen in the upstream regions of
the gene but absent from the promoter and coding regions. Also, the PcG proteins as well
as Trx (trithorax, an H3K4-specific histone methyl transferase that activates homeotic
genes) were bound at PRE elements in both the on and off states. The binding of Ash1
(Absent, Small or Homeotic discs), a trithorax group HMT (known to methylate H3K4,
H3K9, H4K20 in target gene promoter regions), downstream of the transcription start site
was found to suppress methylation of these regions, allowing for transcriptional
activation (Beisel et al., 2002; Papp & Muller, 2006).
Electron microscopic studies by Woodcock and colleagues have shown that
PRC1 can package tail-less nucleosomal arrays (Francis et al., 2004). Also, Mohd-Sarip
et al. performed chromatin immunoprecipitation assays and found that PRE elements are
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depleted of nucleosomes in vivo, suggesting that histone methylation marks may not be
the only mechanism of PcG mediated repression. Scanning force microscopy and DNA
topological analyses indicate that the Pho-PRC1 proteins wrap the PRE element (several
hundred bp long) around their surface in a left-handed constrained superhelix (MohdSarip et al., 2006). An alternate mechanism of gene repression by the PcG group of
proteins involves PRC1-mediated histone ubiquitylation of H2AK119, as inferred from
studies in SL2 cells (Wang et al., 2004; Sparmann & van Lohuizen, 2006).The
mechanisms of Polycomb-mediated gene silencing are still being understood.
Recent studies have implicated RNA interference in formation of
heterochromatin in fission yeast. Volpe et al. found that deletion of the dcr (Dicer, the
factor that cleaves dsRNA into ~22 nt siRNA), ago (Argonaut; a RNA-induced silencing
complex (RISC) component; degrades target mRNA) and rdp (RNA-dependent RNA
polymerase; amplifies siRNAs) genes resulted in upregulation of a pericentromeric
transgene with decrease in H3K9 methylation and Swi6p (HP1-like protein) recruitment.
Northern analysis in RNAi mutants revealed generation of both forward and reverse
transcripts from centromeric DNA repeats while swi6- mutants accumulated only the
forward transcript. RT-PCR and slot blot analysis of run-on transcription products in wild
type cells revealed constitutive, low expression levels of the reverse transcript while the
forward transcript was not detected. This suggested that the reverse transcript could serve
as a surveillance RNA to target the RNAi machinery to any transcription that might occur
from the forward promoter. This provided a link where RNAi triggered by dsRNA could
indirectly mediate H3K9 methylation and downstream sequence of events leading to
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heterochromatinization (Volpe et al., 2002). A more recent study with various Drosophila
mutants in the RNAi pathway found occurrence of multiple nucleoli (only one in the wild
type) and extra chromosomal circular repeated DNA (looped out repeat DNA) in the
mutant nuclei. This was also seen with HP1 and su(var)3-9 mutants, indicating a role for
heterochromatic packaging of rDNA in maintenance of nucleolar architecture (Peng &
Karpen, 2007).

1.9 Chromatin modification and remodeling
The answer to how DNA processes occur efficiently in what seems like an
intractable chromatin milieu appears to lie in the protein complexes that modify or
remodel chromatin. Histone modifying proteins covalently and post-translationally
modify specific amino acid residues in histone N-terminal tails. Various combinations of
modifications make up what has been termed the ‘histone code’, that is thought to be the
basis for selective binding by regulatory proteins, including chromatin modifiers,
remodelers and chromatin architectural proteins. Certain histone modification(s), lysine
acetylation in particular, may alter nucleosomes directly and thereby help promote
chromatin decondensation and gene activation. Chromatin remodeling proteins use the
energy of ATP hydrolysis to alter nucleosomal DNA accessibility to trans-acting proteins
(discussed later). There is growing evidence of interplay between chromatin remodelers
and modifiers in the regulation of chromatin structure and function.
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1.9.1 Post-translational modifications of histones
A variety of histone modifications occur on specific amino acid residues
including acetylation (Lys), methylation (Lys, Arg), phosphorylation (Ser, Thr),
ubiquitylation (Lys), sumoylation (Lys), ADP-ribosylation (Arg, Glu), deimination (Arg)
and proline isomerization (Pro), and many of the proteins that carry out these
modifications have been identified. Methylation of Lys residues can occur in the mono,
di or trimethylated forms while methylation of Arg residues occurs in mono and in
symmetrical or asymmetrical dimethylated forms. Most modifications are dynamic and
can be reversed; the exception is Arg methylation for which a demethylase function is
still unknown. However, Arg demethylation in the histone H3 tail has been correlated
with deimination of methylated Arg to citrulline and gene repression. Citrulline appears
on gene promoters transiently indicating presence of enzymatic activities to revert
citrulline to Arg.
Histone modifications can play a direct role in chromatin decondensation. The
‘charge hypothesis’ posits that neutralization of positively charged Lys residues by
acetylation and further addition of negative charges by phosphorylation reduces DNAhistone core contacts. Conversely, histone deacetylation is correlated with a more closed
chromatin structure. An example of evidence consistent with this hypothesis is the
observation that acetylated H4K16 hinders the folding of nucleosome arrays into 30 nm
chromatin fibers (Shogren-Knaak et al., 2006). Additionally, nucleosomes containing
both H3S10-Ph and H3K14-Ac modifications on the same histone tail, occur in the
transcriptionally active endogenous INO1 promoter as demonstrated by S1 nuclease
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analysis of INO1 RNA and chromatin immunprecipitation assays, using dual specificity
antibodies (Lo et al., 2001).
Histone modifications seem to have a broad but indirect influence on the
conformation of chromatin via targeting of various effector proteins to specific histone
modifications. Binding of non-histone proteins to modified histones in nucleosomes
occurs via specialized protein domains including the bromodomain, which binds Lys-ac;
chromodomain, which binds lys-me; the PHD domain (Plant homeodomain), which binds
Lys-me; the WD40 domain (Trp and Asp-rich domains), which binds Lys-me; and the
tudor domain (‘Royal family’), which binds Lys-me and Arg-me. As discussed earlier,
the chromodomain-mediated binding of HP1 (heterochromatin protein 1) to H3K9me3, is
associated with heterochromatin establishment and spreading, and binding of H3K27me3
and H3K9me3 by the chromodomain of Pc (polycomb) is correlated with Pc-induced
gene silencing.
Mutational studies and chromatin immunoprecipitation assays in yeast have
revealed that the chromodomain of Eaf3p (Esa1p-associated factor), a component of the
Rpd3 (reduced potassium dependence) histone deacetylase (HDAC), mediates Rpd3
binding to methylated H3K36me residues. This interaction was associated with selective
deacetylation of the coding regions by the Rpd3 HDAC. The selective deacetylation of
histones in coding regions can be correlated with the predominance of H3K36me in 3’
portions of coding regions, which can in turn be correlated with the phosphorylation state
of the RNA Pol II C-terminal domain during transcription elongation (Ch1-Figure 12)
[For a review see (Sims et al., 2004)]. This was overall suggestive of a mechanism for
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chromatin silencing after transcriptional elongation. The failure to deacetylate histones in
coding regions in chromodomain mutants of Eaf3p led to aberrant transcription initiation
at internal sites within these coding regions, as indicated by chromatin immunpreciptation
assays of RNA Pol II occupancy. These observations are consistent with a role for Eaf3p
and Rpd3 in compaction of chromatin behind the transcription elongation complex (Joshi
& Struhl, 2005).
Affinity purification studies with 293T cell extracts indicated that the WD40
domain-containing WDR5 protein, a component of several HMT complexes (MLL1,
MLL2 and SET1), interacts with dimethylated H3K4 peptides. WDR5 was found to be
essential for global H3K4 trimethylation and expression of HOX genes. Reduced
expression of target genes in WDR5-depleted (RNAi) 293T cells was correlated with
decreased H3K4me3 in promoter regions, as indicated by RT-PCR and chromatin
immunoprecipitation analysis. In addition, knockdown of WDR5 in Xenopus embryos
using morpholino (antisense phosphoramidate morpholino oligo) lead to developmental
defects, indicating an essential role for WDR5 and global H3K4 methylation in normal
differentiation and development (Wysocka et al., 2005).
Grant and colleagues have demonstrated that the yeast Chd1p (Chromo
Helicase/ATPase DNA-binding domain 1), which functions as a chromatin remodeler, is
also a component of the multisubunit HAT complexes SAGA (Spt, Ada, Gcn5,
acetyltransferase) and SLIK (SAGA-like). Chd1p was found to bind H3K4me2 peptides
in a CD2 (second chromodomain in Chd1p)-dependent manner in vitro, as shown by
affinity purification. The binding to H3K4me2 residues led to enhanced, SLIK-mediated
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acetylation of H3K4me2 peptides as well as histones in nucleosomes that package GAL4
gene promoters, as indicated by in vitro acetylation and chromatin immunoprecipitation
assays (Pray-Grant et al., 2005). Hence, the H3K4me2 mark attracts chromodomaincontaining proteins WDR5 or Chd1p to the site which in turn recruit HMT or HAT
activities, resulting in further methylation to generate H3K4me3, or acetylation of H3K9
or H3K14 residues, leading to increased gene expression.
Affinity pull-down studies by Huyen et al. revealed binding of the tudor domain
in 53BP1 (p53 binding protein 1, a double-strand break (DSB) sensor), to synthetic H3
peptides dimethylated (or to a lesser extent monomethylated) at K79. Huyen et al. also
observed binding to calf thymus H3 methylated at K79, but not to recombinant H3 from
E. coli. Targeting of 53BP1 (to DSBs) was impaired when the 53BP1 tudor domain was
mutated. RNAi-mediated downregulation of DOT1 (an HMT that constitutively
methylates H3K79) also resulted in impaired recruitment of 53BP1 to DSBs, as indicated
by immunofluorescence studies in irradiated osteosarcoma cells. Interestingly, irradiation
did not enhance the constitutive levels of H3K79 methylation, suggesting that DSBassociated changes in higher order chromatin structure expose the otherwise occluded
H3K79me, which then recruits 53BP1 (Huyen et al., 2004).
Using NMR, isothermal titration calorimetry and surface plasmon resonancebased assays, Patel and colleagues observed interactions between the PHD domain of
BPTF (Bromodomain and PhD domain-containing Transcription Factor), the largest
component of the NURF (Nucleosome Remodeling factor) and H3K4me3 peptides.
BPTF also bound H3K4me2 and H3K4me-containing H3 peptides, albeit to a lesser
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extent (Li et al., 2006). Functional studies that complement the above observations
include immunoprecipitation assays that reveal preferential binding of the BPTF PHD
domain to H3K4me3-containing peptides in vitro and in vivo. These results suggest that
BPTF binding to H3K4me3 may recruit and stabilize NURF on chromatin, allowing for
remodeling and maintenance of a transcriptionally active state (Wysocka et al., 2006).
The H3K4me3 mark is also recognized by the PHD domain of the ING2 (Inhibitor of
growth 2) tumor suppressor, which is associated with chromatin remodeling, modulates
HAT and HDAC activity, and functions in the p53-mediated apoptotic pathway (Pena et
al., 2006) [For review see (Campos et al., 2004)].

1.9.2 Chromatin remodeling complexes
Chromatin remodeling machines are large multisubunit complexes that use ATP
hydrolysis to carry out regulated restructuring, translocation, eviction or packaging of
nucleosomes. All nucleosome-remodeling complexes identified so far (over 30 from
different species) have a catalytic ATPase belonging to the Swi2p/Snf2p (catalytic
ATPase in yeast SWI/SNF) superfamily of ATPases. Based on the homology of their
ATPase subunits, remodelers have been grouped into the SWI/SNF, ISWI and CHD
families.
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The SWI/SNF sub-family of remodelers
The remodeling machines in this family include SWI/SNF, RSC, INO80 and
Drosophila Brahma complexes that have a Swi2/Snf2-like ATPase subunit stimulated by
both naked and nucleosomal DNA. The catalytic ATPase subunits in these complexes
also contain a C-terminal bromodomain and two other domains (domains I and II) of
unknown function. The SWI/SNF remodeling complex is highly conserved across
eukaryotes and homologous complexes have been purified from yeast, Drosophila and
humans. The yeast SWI/SNF was the first remodeling complex to be described and is a
11 subunit, 2 mega Da complex. The human SWI/SNF complex contains either of the
Swi2/Snf2 homologues, human BRM (Brahma) or BRG1 (Brahma-related gene) as the
central ATPase subunit, and many other subunits homologous to the yeast complex
(Neely & Workman, 2002).
The SWI/SNF complex genes were originally identified by genetic studies in
Saccharomyces cerevisiae by Stern et al. (Stern et al., 1984) and Neigeborn et al.
(Neigeborn & Carlson, 1984), as activities required for expression of the HO gene
[initiates mating type switch (SWI)] and SUC1 gene [encodes invertase required for
sucrose fermentation; SNF or sucrose non-fermenting]. None of the SWI/SNF genes are
essential; however, some swi/snf mutants are correlated with defective growth on media
containing galactose, sucrose or raffinose as the sole carbon source and growth is absent
in media lacking inositol, suggesting a role for the SWI/SNF genes in transcription
activation. Later genetic and Northern blotting studies by Winston and colleagues
revealed that growth and transcription defects in swi2p/snf2p and snf5p mutants could be
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rescued by mutations in the HTA-HTB genes (encoding H2A-H2B). In addition, indirect
end-labeling experiments revealed increased MNase protection at the SUC2 promoter
region of SNF5 mutants compared to the wild type, indicating nucleosome-mediated
repression of SUC2 expression that was alleviated in both the HTA-HTB mutants and
wild type. The authors went on to propose that the SWI/SNF group of proteins may alter
chromatin structure facilitating transcriptional activation (Hirschhorn et al., 1992).
Kwon et al. partially purified human SWI/SNF complex from HeLa cell extracts
that could increase the in vitro accessibility of the GAL4 sequence packaged into
nucleosomes to the Gal4p-AH (GAL4-alpha helix fusion protein) transcription factor, as
measured by DNaseI hypersensitivity, indicating loss of histone DNA contacts (Kwon et
al., 1994). Around the same time, Peterson and colleagues purified the yeast SWI/SNF
complex and demonstrated increased accessibility of Gal4p derivatives to nucleosomal
DNA in the presence of SWI/SNF, which was further enhanced by nucleoplasmin (H2AH2B chaperone involved in nucleosome assembly) as shown by Gal4p binding and gel
mobility-shift assays (Cote et al., 1994).
Workman and colleagues studied SWI/SNF remodeling of nucleosomal arrays
that revealed disruption of multiple nucleosomes in an ATP-dependent manner. Footprinting studies indicated nuclease hypersensitive regions while around half the length of
nucleosomal DNA remained still wrapped on the histone octamer. This and the absence
of any naked DNA accumulation (from remodeled nucleosomes) in native gels, indicated
that SWI/SNF remodeling of nucleosomes does not involve complete release of
nucleosomal DNA. The detachment of SWI/SNF complex via competition with excess
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cold nucleosomes left a persistent remodeled state of the Gal4p binding region on the
nucleosome (DNase I hypersensitive region), that the authors suggest could provide a
window of opportunity for transcription factors to bind regulatory sequences even
following the actual remodeling event. Interestingly, the nuclease hypersensitive state of
nucleosomes was found to persist for ~4hrs before spontaneously reverting back to the
original unmodified conformation (Owen-Hughes et al., 1996; Cote et al., 1998). Studies
by Kingston and colleagues revealed a SWI/SNF-remodeled, slower migrating
nucleosomal species that was found to retain stoichiometric quantities of core histones.
The purified (glycerol gradient) novel species was found to be stable in the absence of
SWI/SNF, exhibited altered histone-DNA contacts as seen by elevated nuclease
sensitivity, and could be reverted to the normal nucleosome conformation upon
incubation with SWI/SNF in an ATP-dependent manner (Schnitzler et al., 1998). It is
conceivable that SWI/SNF-mediated remodeling of nucleosomes to an altered accessible
state, and subsequent reversion to the repressed state may be regulated in vivo to control
expression or repression of genes. Purified SWI/SNF complex was able to translocate
histone octamers in cis as indicated in restriction endonuclease studies using model
templates constructed by ligating a labeled nucleosome to a ~1100 bp naked DNA
(Whitehouse et al., 1999).
Studies by Owen-Hughes and colleagues have indicated that yeast SWI/SNF and
RSC (another remodeling complex in the SWI/SNF family) complexes were able to
translocate histone octamers over the edge such that an H2A-H2B dimer loses contacts
with the DNA. Using Oregon green-labeled H2A-containing nucleosomes and unlabeled
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acceptor H3-H4 tetramers (wrapped with nucleosomal DNA), the authors found transfer
of H2A dimers on to the H3-H4 tetramer indicating that SWI/SNF and RSC remodeling
can mediate loss of H2A-H2B dimers while making nucleosomal DNA accessible (Bruno
et al., 2003). Later studies by Yang et al. showed that the acidic N-terminal amino acids
of Swi3p, a subunit in the SWI/SNF complex was essential to make contacts with the
H2A-H2B dimer and facilitate displacement, as observed from affinity binding assays
and in vitro chromatin immunoprecipitation to determine the stoichiometry of H2A-H2B
still bound on nucleosomal DNA (Yang et al., 2007).
The yeast SWI/SNF complex was found to bind both naked DNA (~1-9 nM Kd)
and nucleosomes, in a sequence and ATP-independent manner, with a slightly higher
affinity for nucleosomes, as indicated by gel-shift and DNaseI foot-printing assays.
Binding to naked DNA was inhibited by dystamycin (a minor groove binding drug)
suggesting that SWI/SNF binds to the minor groove of DNA. Binding to nucleosomes
remained unperturbed with addition of dystamycin indicating that SWI/SNF binding to
the nucleosome may be stabilized via interactions with the histone octamer (Quinn et al.,
1996; Cote et al., 1998). SWI/SNF contacts nucleosomal DNA at various points forming
loops and bringing distant DNA segments in close proximity, as was revealed by electron
spectroscopic analysis of nucleosomal arrays in the presence of SWI/SNF and ATP.
Based on these studies, a single SWI/SNF complex was able to remodel multiple
nucleosomes via ‘looping out’ the intervening nucleosomal DNA (Bazett-Jones et al.,
1999). Consistent with the above observation, single molecule studies using the
SWI/SNF and RSC complexes, and nucleosomal substrates stretched between optical
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tweezers to >=1 pN, revealed remodeler translocation at ~13 bp/sec. Shortening of the
stretched substrate held between tweezers was associated with generation of forces up to
12 pN and formation of loops varying from ~20 bp to ~1200 bp. Such looping occurred
in a nucleosome and ATP-dependent manner (Zhang et al., 2006). Workman and
colleagues found that SWI/SNF could remodel and displace SAGA (Spt Ada Gcn5
Acetylase)-acetylated nucleosomes at GAL4 promoter regions in immobilized
nucleosome arrays (to streptavidin magnetic beads). This was indicated by movement of
the 3H-acetyl label (from nucleosomes acetylated using SAGA and the donor 3H-acetyl
CoA) from the immobilized array into the supernatant and was also confirmed by in vitro
chromatin immunoprecipitation assays, suggesting a mechanism for preferential clearing
of acetylated promoter regions, facilitating gene expression in vivo (Chandy et al., 2006).
The yeast RSC (Remodels structure of chromatin), is a 15 subunit complex with
four homologues with the yeast SWI/SNF complex [Sth1p (Snf2p homologue) the
catalytic ATPase, Rsc8p/Swh3p, Rsc6p and Sfh1p (Snf5p homologue)], all of which are
essential for mitotic growth as demonstrated by genetic studies in yeast. The RSC
complex is also an order of magnitude more abundant than the SWI/SNF in vivo, as
deduced from the extent of purification that was required to achieve a relatively
homogeneous complex, compared to yeast SWI/SNF (Cairns et al., 1996). The RSC
complex was able to increase nucleosomal DNA accessibility to restriction endonucleases
and such remodeled state was found to persist following removal of RSC (as also seen
with SWI/SNF) and was reversed by addition of RSC and ATP (Neely & Workman,
2002).
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Ino80p, first discovered in a screen for inositol biosynthesis mutants and
homologous to Drosophila ISWI and yeast Swi2/Snf2, functions as the central ATPase in
the 12 subunit INO80.complex. Rvb1p and Rvb2p (RuvB-like) in the INO80.com are
homologous to the bacterial RuvB helicase (functions in Holliday junction migration),
and were found to be essential for yeast viability as indicated by genetic studies (Qiu et
al., 1998; Kanemaki et al., 1999). The yeast INO80.com could remodel chromatin as seen
from decrease in restriction protection of reconstituted plasmid templates and increased
in vitro transcription levels. In addition, INO80.com displayed 3’-5’ helicase activity as
shown on oligo annealed to single-stranded linear or circularized DNA substrates in vitro.
INO.80 null yeast exhibited growth defects upon exposure to HU (hydroxyurea), MMS
(methyl methane sulphonate), UV or ionizing radiation, indicating a role in DNA damage
repair (Shen et al., 2000).
The Drosophila brm (Brahma) complex comprises about 8 proteins including the
central brm ATPase, which was originally found in a screen for dominant suppressors of
Polycomb (Kennison & Tamkun, 1988). brm, a trithorax group gene is thus involved in
activation of homeotic gene expression. The brm and Swi2p/Snf2p proteins are
homologous even outside the central ATPase core domain with conserved domain I
domain II and the bromodomain. The human BRM-related protein, BRG1 was shown to
bind the tumor suppressor protein RB (retinoblastoma) and such association was found to
induce tumor suppression in the SW13 human adenocarcinoma cell line (lack
endogenous BRM and BRG1) as seen from flat, growth-arrested cells (Dunaief et al.,
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1994). brm is an essential gene in Drosophila and mutants homozygous for an extreme
allele are lethal during early embryonic development.

ISWI (Imitation switch) subfamily
Members of this family include the Drosophila NURF (Nucleosome remodeling
factor), CHRAC (chromatin accessibility complex) and ACF1 (ATP-utilizing chromatin
assembly and remodeling factor), and the yeast Isw1 and Isw2. The central ATPase
subunit in these complexes was named ‘Imitation Switch’ (ISWI) owing to its limited
homology to the yeast Snf2p. The NURF complex was originally discovered in
Drosophila cell-free embryonic extracts that could disrupt regularly spaced, promoter
region nucleosomes reconstituted on an Hsp70 plasmid template, in an ATP- and GAGAtranscription factor-dependent manner (Tsukiyama & Wu, 1995). The purified NURF
complex (4 polypeptides; 500 kDa) was found to rescue the nucleosome disruption
function in cell-free extracts that were rendered remodeling deficient by sarkosyl
treatment. In addition, NURF together with the GAGA factor could enhance nuclease
sensitivity of certain protected nucleosomal segments more than what was observed by
the GAGA factor or NURF alone. In contrast to what was observed with the SWI/SNF
complexes, the ATPase activity of NURF was stimulated significantly by nucleosomes
and much less by naked DNA, as measured by thin-layer chromatography (Tsukiyama &
Wu, 1995). This was consistent with NURF interaction with the histone N-terminal tails
as indicated in studies using nucleosomes with either the unstructured N-terminal tails
removed by limited trypsinization, or mutational replacement of H4 N-terminal tail Lys
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residues by Glu, that abolished NURF interaction (Georgel et al., 1997). NURF was
found to stimulate in vitro transcription of nucleosomal templates in the presence of the
Gal4p-HSF fusion protein (containing the Gal4 DNA-binding domain and HSF activation
domain) in an ATP-dependent manner. Initial chromatin remodeling by NURF was
essential and sufficient for transcription initiation and elongation indicating continued
NURF remodeling was not essential for transcription (Mizuguchi et al., 1997). Studies in
Drosophila have indicated that ISWI is essential for viability and dominant negative
mutants were associated with an abnormally short and broad male X chromosome,
suggesting a role for ISWI in higher order chromatin structure. In addition,
immunostaining of polytene chromosomes revealed lack of co-localization between the
ISWI and RNA pol II loci indicating a possible role for ISWI in gene repression (Deuring
et al., 2000).
Tsukiyama et al. (Tsukiyama et al., 1999) later found two ISWI-containing
activities in yeast- Isw1 and Isw2, both of which exhibited nucleosome-stimulated
ATPase activity and ATP-dependent nucleosome spacing activity (creating regularly
spaced nucleosomes), as seen in assays employing nucleosomes assembled in vitro by
NAP1, an H2A-H2B histone chaperone that generates randomly-spaced nucleosomes at
physiological salt concentrations. Isw1 but not Isw2 was found to disrupt histone-DNA
contacts as seen from enhanced nuclease sensitivity. Later studies in yeast using a
galactose-inducible system revealed the ability of the yeast Isw2 to slide nucleosomes
unidirectionally, closer to the promoter region in target genes including POT1
(peroxysomal oxoacyl thiolase 1). This resulted in nuclease inaccessible regions near the
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promoter and consequent gene repression, as indicated by a combination of DNase I,
MNase and OH radical foot-printing assays (Fazzio & Tsukiyama, 2003). Whitehouse et
al. (Whitehouse & Tsukiyama, 2006) more recently demonstrated that the yeast Isw2 can
position nucleosomes onto unfavorable poly (dA-dT)-rich low complexity DNA in target
gene promoters, by counteracting the default positioning favored by the underlying DNA
sequence. Consistent with this, isw2 deletion was associated with migration of
nucleosomes to more favorable DNA sequences resulting in promoter accessibility and
transcriptional activation, as indicated by northern blotting analysis. Consistent with
previous observations, mutational and foot-printing studies by Fazzio et al. (Fazzio et al.,
2005) indicated an obligate requirement for the H4 ‘basic-patch’ residues R17, H18 and
R19 in interaction and chromatin remodeling by Isw2 in vivo.
The Drosophila CHRAC, is a four subunit complex of ~700 kDa with a central
ISWI ATPase, and has been shown to move nucleosomes in cis, and studies with tail-less
nucleosomes have indicated a requirement for the H4 N-terminal tail for such
nucleosomal translocation, as was seen with the NURF complex (Clapier et al., 2001).
The Acf1 subunit of CHRAC is thought to impart directionality to the complex in that
purified ISWI could move nucleosomes from the center to the edge of a 248 bp DNA
segment whereas, the CHRAC complex or the presence of Acf1 induced nucleosomal
movement from the end to the center, as seen from mobility shift assays (Eberharter et
al., 2001).
ACF is a two-subunit complex comprising the ISWI ATPase and Acf1, a protein
homologous with the human WSTF (human Williams syndrome transcription factor) loss

118

of which is associated with developmental defects and deletion of multiple genes on
chromosome 7. Ito et al. (Ito et al., 1997) showed that the ACF complex can assemble
periodically - spaced nucleosomes in the presence of a histone chaperone such as NAP1
(Nucleosome Assembly Protein 1) or CAF1 (Chromatin Assembly Factor 1), in an ATPdependent manner, as indicated by MNase treatment and ethidium bromide staining. ACF
was also able to increase nucleosome spacing on plasmid nucleosomal arrays. In addition,
indirect end-labeling studies revealed the ability of ACF1 along with dNAP1 to induce
Gal4p-VP16 (Gal4p fusion with viral VP16 activation domain)-dependent chromatin
disruption at the promoter region. This was correlated with enhanced transcription as
seen from in vitro transcription and primer extension assays. Based on the chromatin
assembly activity, the authors have suggested that the ACF complex in concert with
histone chaperone proteins could constitute a major chromatin assembly process in vivo
(Ito et al., 1997).
Human ACF1 (or WSTF) physically interacts with PCNA and recruits SNF2h
(ISWI homologue) to replication foci, as indicated by co-immunoprecipitation and
immunofluorescence co-localization. Depletion of WSTF by RNAi was correlated with
global heterochromatinization of newly replicated DNA as seen from increase in levels of
HP1 and heterochromatin-specific histone modifications in protein immunoblotting
studies. This reveals a role for the ACF complex in maintaining an open state of
chromatin in newly replicated DNA, perhaps allowing for rebinding of modifying factors
that preserve the epigenetic state of chromatin thereby preventing aberrant
heterochromatinization (Poot et al., 2004).
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CHD subfamily of remodelers
The CHD subfamily members include the yeast Chd1, and the Mi2 or NURD
(Nucleosome remodeling and histone deacetylation) complexes in higher eukaryotes.
Chd/Mi2 comprises the central ATPase component and contains two tandem N-terminal
chromodomains in addition to the Swi2p/Snf2p-like ATPase domain. The yeast Chd1
purifies as a homodimer from yeast cell extracts in contrast to other multi-subunit
remodelers of 1-2 megaDa. chd1 mutants are synthetic lethal with snf2 mutants
suggesting they may perform redundant functions in the cell. The Xenopus Mi2 complex
comprises around 6 subunits and is associated with chromatin remodeling as well as
histone deacetylation-mediated transcriptional repression. Studies by Guschin et al.
(Guschin et al., 2000) have revealed nucleosome-stimulated ATPase activity and the
ability to translocate nucleosomes in cis, as seen from gel-shift studies on a
mononucleosome substrate. In addition, the Mi2 ATPase activity was found to stimulate
deacetylation of nucleosomal substrates.
Many investigators have reported that Mi2 in mammals may exist in a much
larger complex with 10-40 proteins including the core CHD3/Mi2α or CHD4/Mi2β
ATPases, histone deacetylases (HDAC1 and 2), transcriptional repressors [RBAP48 and
RBAP46 (Retinoblastoma associated proteins)] and methyl DNA binding protein
(MBD3) that binds methylated CpG domains in DNA. The NURD complex can thus be
targeted to methylated CpG islands, linking DNA methylation with subsequent histone
deacetylation and chromatin remodeling, that may work together to generate a repressed
chromatin state [for reviews see (Neely & Workman, 2002; Tsukiyama, 2002)].
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Chromatin remodeling activities can thus include exposing stretches of
nucleosomal DNA, translocation of histone octamers in cis or in trans, displacement of
H2A-H2B dimers, nucleosome spacing activity, or histone chaperone-assisted chromatin
assembly. Regulation of such activities in vivo may be achieved by targeting to specific
genes via interactions with transcriptional activators or repressors, in combination with
cues from modifications on histones and DNA.

1.9.3 Molecular mechanism of chromatin remodeling
Recent studies have demonstrated that ATP-dependent chromatin remodelers
can function as specialized DNA translocases. All ATP-dependent remodeling proteins
belong to the SF2 superfamily of helicases based on conserved primary sequence
patterns, and many other members of this superfamily are known to be functional
helicases (including the RecQ helicase family). Structural and mutational studies on the
PcrA helicase have indicated that its ATP-dependent DNA helicase (strand separation)
and (ATP-dependent) single-stranded DNA translocase activities can be uncoupled. PcrA
helicase mutants were unable to carry out strand separation but could translocate on
single-stranded DNA, as revealed by an assay monitoring release of Pi (inorganic
phosphate) following ATP hydrolysis in the millisecond time scale, where the hydrolysis
of one ATP molecule is known to correlate with a single base step on single-stranded
DNA (Soultanas et al., 2000). Correlating this observation with the presence of helicaselike domains in ATP-dependent remodelers, Saha et al. (Saha et al., 2002) and
Whitehouse et al. (Whitehouse et al., 2003) tested the ability of Sth1p (ATPase
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component in the yeast RSC complex) or ISWI, respectively, to displace a singlestranded pyrimidine-rich oligo from a DNA triple helix (H-DNA; with the oligo basepaired via weaker Hoogsteen base-pairing, to the major groove of a purine-rich strand in
a Watson-Crick paired duplex DNA), as a measure of translocation on single-stranded
DNA. Saha et al. found that Sth1, as well as the RSC complex could displace the shorter
labeled oligo from linear triplex DNA in an ATP-dependent manner. Whitehouse et al.
found that ISWI could carry out similar strand displacement in the context of a
nucleosome when the triplex is positioned in the linker DNA. Strand displacement was
inhibited specifically by a 5-10 nucleotide gap positioned between the nucleosome and
the triplex in the 3’-5’ but not the 5’-3’ strand, of nucleosomal DNA. This observation, in
addition to reduced displacement of oligonucleotides annealed farther away from the
nucleosome edge suggested that ISWI translocates on single-stranded DNA in a 3’-5’
direction away from the nucleosome edge, and that such translocation may be nonprocessive. Strohner et al. (Strohner et al., 2005) reported that the ISWI-containing
remodeler ACF could interact with nucleosomal DNA at points of entry and exit as
revealed by mild DNaseI treatment of ACF-nucleosome complexes. In addition, ACFmediated remodeling was associated with the release of a 20-40 bp stretch of
nucleosomal DNA from the edge, coupled with movement of the nucleosome in steps of
~50 bp, as seen from assays involving laser treatment of ethidium bromide-intercalated
nucleosomal DNA, and exonuclease III digestion studies. Based on these and previous
observations the authors propose a ‘loop-recapture’ mechanism of nucleosome
remodeling where the remodeler remains anchored to the nucleosome while translocating
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on a single strand of nucleosomal DNA, breaking histone-DNA contacts and propagating
a loop of DNA around the octamer. A current integrated view of remodelers suggests a
model where ATP hydrolysis can fuel a protein conformational change looping linker
DNA into the nucleosome, leading to change in nucleosome phasing and movement of
nucleosomes into the linker region (Becker, 2005).
Peterson and colleagues conducted scanning transmission electron microscopy
of the yeast SWI/SNF complex that revealed an ~25 nm by 12 nm, oblate-shaped particle
with multiple lobes surrounding a central, large, ~15 nm diameter and 5 nm deep pocket
suggestive of a nucleosome binding site. In more recent studies, Leschziner and
colleagues employed electron microscopy to study yeast RSC structure. Consistent with
previous observations, the RSC structure revealed a deep central cavity sufficient to
accommodate a mononucleosome. Interestingly, two different conformers of the RSC
were observed, where apparent movements of a so-called ‘arm’ domain could close in on
the nucleosome. These observations, and the looping activity observed in single molecule
assays with RSC and stretched mononucleosomes, are in agreement with previous studies
and the loop recapture and propagation model for remodeling (Leschziner et al., 2007).

1.10 Spontaneous mechanisms of access to nucleosomal DNA
The accessibility of regulatory factors to DNA sequence elements buried in
nucleosomes is restricted due to steric constraints imposed by the histone octamer, the
adjacent gyre of nucleosomal DNA and further, the packaging of nucleosomes into
tightly packaged arrays. Several lines of evidence indicate that nucleosomes are dynamic
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structures that exist in a conformational equilibrium, periodically releasing a stretch of
nucleosomal DNA from their edges. Such partial unwrapping of nucleosomal DNA, or
‘breathing’, is transient and reversible. Many regulatory factors are thought to gain access
to underlying sequences in nucleosomes via capture of partially unwrapped nucleosomal
DNA during rounds of partial unwrapping. Polach and Widom used nucleosomes
reconstituted on the sea urchin 5S DNA nucleosome positioning sequence to measure
kinetic parameters for restriction site exposure. They reported progressive decrease in
restriction site accessibility, measured by Keq (equilibrium constant for site exposure), as
a function of distance from the nucleosome edge, consistent with site exposure via
progressive unwrapping of nucleosomal DNA from the edge in. (Polach & Widom,
1995). Using nucleosomal constructs where multiple restriction sites were engineered
into a short-patch spanning approximately one helical turn to allow coverage of all
rotational orientations (to avoid bias by sites oriented ‘out’ or facing away from the
histone octamer), the authors measured a Keq of 1-4 x 10-2 for sites located just inside the
nucleosome edge, 0.5-3 x 10-3 for sites 30-40 bp in from the edge, while sites at the dyad
center had a Keq ranging between 10-4 to 10-5. The measurement of non-zero Keq values
even at the nucleosomal dyad center was indicative that these sites do become accessible,
although transiently and infrequently, to regulatory factors (Polach & Widom, 1995).
Such site exposure by progressive unwrapping was dependent on the underlying DNA
sequence as well, as demonstrated in a subsequent study where the measured Keq values
for nucleosomes positioned on a 601.2 sequence (~10-fold stronger nucleosome
positioning element compared to sea urchin 5S DNA as determined from competitive

124

reconstitution assays) were found to be 10-100 fold reduced compared to Keq for site
exposure measured on 5S DNA nucleosomes. Hence, sequences exhibiting very high
affinity for positioning on the histone octamer will be expected to exhibit reduced site
exposure by partial unwrapping (Anderson & Widom, 2000). Studies by Li et al.
employed FRET (Fluorescence resonance energy transfer) to assay such spontaneous
fluctuations in nucleosomal DNA as a mechanism of access of the repressor protein
LexA. The LexA binding site in these assays was positioned ~18 bp in from one edge of
the nucleosome (reconstituted on the 601 high affinity positioning sequence) with the
binding face oriented toward the histone octamer. Specifically, FRET intensities were
monitored using 5’-Cy3 (donor fluorophore)-coupled nucleosomal DNA and Cy5
(acceptor fluorophore)-coupled to a unique Cys at H3 V35C C110A or H2A K119C
substitutions on the histone octamer, as a function of increasing LexA concentrations.
Progressively greater amounts of LexA were associated with decreasing FRET and
increasing donor (Cy3) emission, indicating increasing unwrapping of Cy3-labeled DNA
as a function of LexA concentration. This was indicative of increasing capture of partially
unwrapped nucleosomal DNA at higher concentrations of LexA driving the
conformational equilibrium toward the partially unwrapped state (Li & Widom, 2004).
Subsequent stopped-flow FRET and fluorescent anisotropy studies estimated
nucleosomal unwrapping rates to be in the order of ~4 / sec while the rewrapping rate
(deduced from the unwrapping rate and measured Keq values) was found to be ~20-90 /
sec. Hence, under these assay conditions, the nucleosomes remained completely wrapped
for around 250 msec before unwrapping and exist in an unwrapped state for 10-50 msec

125

before rewrapping again. These studies indicate that the unwrapping rate may be fast
enough on a biological time scale for regulatory molecules to gain access; however, the
faster rewrapping rate may set tighter limits on protein access to underlying nucleosomal
sequences.
Partial unwrapping of nucleosomal DNA thus constitutes an intrinsic
mechanism of nucleosomal site exposure and could reconcile many previous reports of
transcription factor and enzymatic access to sequences buried in nucleosomes. Early in
vitro studies showed that the GR (glucocorticoid receptor) could bind to GRE
(glucocorticoid receptor-response elements) elements packed into nucleosomes as
indicated by DNaseI foot printing studies (Archer et al., 1991; Perlmann, 1992). In
addition, Gal4 derivative proteins were able to efficiently bind different rotationally
oriented 17-mer Gal4p binding sites packaged into nucleosomes as indicated by DNase I
footprinting and mobility-shift analyses. In addition, increasing amounts of Gal4 were
able to bind multiple sites more efficiently than a single Gal4p-binding site in
nucleosomes. It is likely that Gal4p binding to any of the rotational variants of the 17mer
must have required some form of site exposure since Gal4p binding involves contacts
with the sugar phosphate backbone along bases spanning around one helical turn (Taylor
et al., 1991). In vivo studies by Pederson and colleagues revealed that a nucleosomal
construct with the heat-shock element positioned facing into the histone octamer and
close to the nucleosome edge was transcribed as efficiently as a nucleosome-free control,
upon HSF induction, as indicated by β-galactosidase activity assays. DNase I and PCRmediated primer extension studies indicated an ~40 bp unwrapped region proximal to the
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HSF binding site, providing direct evidence for transcription factor access to buried
nucleosomal sequences via partial unwrapping (Polach & Widom, 1996; Geraghty et al.,
1998).
Binding to buried nucleosomal sites is thought to occur cooperatively where two
proteins binding to sites on the same nucleosome can facilitate each other’s binding
synergistically, even in the absence of any direct interaction (Polach & Widom, 1996).
Adam et al. (Adams & Workman, 1995) conducted gel mobility shift and DNase I footprinting using reconstituted nucleosomes and different combinations of three unrelated
transcription factors - Gal4 fusion protein, USF (upstream transcription factor) and NFkB (Nuclear factor-kB), and found that binding of a specific transcription factor to a
buried site in the nucleosome paved way for enhanced binding of the second factor to the
nucleosomal DNA. Such cooperativity in binding resulted in over 20-fold enhanced
binding to nucleosomal DNA compared to individual binding affinities. In addition, the
USF and NF-kB proteins that display inefficient binding to nucleosomal DNA
independently, could bind efficiently when present together.
Spontaneous partial unwrapping could also account for in vitro T7 RNA
polymerase elongation and exonuclease III digestion through nucleosomal substrates
(Kirov et al., 1992; Protacio et al., 1997). Interestingly, ligase I that is known from crystal
structure studies to encircle its DNA substrate, was found to seal nicks positioned at the
dyad center of model nucleosome substrates, albeit inefficiently compared to naked
DNA. It is likely that ligase I could gain access to its substrate via capture of partially
unwrapped DNA (Chafin et al., 2000; Pascal et al., 2004). In addition, we have recently
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demonstrated using an in vitro system that human NTH1, a bifunctional DNA
glycosylase, can process thymine glycol lesions positioned with their minor groove
facing toward the histone octamer via capture during cycles of partial unwrapping. The
efficiency of processing was reduced for inward-facing lesions positioned closer to the
dyad center of the nucleosome compared to an identically oriented lesion closer to the
nucleosome edge, consistent with partial unwrapping from the edge toward the center.
Further, we show that processing of nucleosomal lesions is dependent on enzyme affinity
for lesion as well as the extent of lesion-induced helix distortion (Prasad et al., 2007)
(Prasad A, Barbour J, Pederson DS, in preparation). Intrinsic nucleosomal dynamics can
thus facilitate access of passive or actively-driven proteins alike, to buried DNA
sequences in nucleosomes; this may also be involved in transcription factor-mediated
targeting of chromatin remodelers to specific sites in chromatin, resulting in downstream
changes in chromatin structure or expression.

1.11 Impact of chromatin on DNA processes
Nucleosomes act as general repressors of both transcription and DNA
replication by interfering with the binding of transcription and replication initiation
factors to their respective targets in DNA. Kornberg and coworkers used promoters
assembled into nucleosomes or ligated with nucleosomes to show that the SP6 RNA
polymerase or the human RNA pol II with accessory factors were unable to initiate
transcription at a promoter packaged in a nucleosome, however, both RNA polymerases
were able to carry out transcription elongation through nucleosomal regions by
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mobilizing histone octamers (Lorch et al., 1987). Consistently, in vivo genetic
manipulations in yeast inducing histone starvation and the consequent loss of
nucleosomes, was found to result in transcription from previously inactive genes tested
(Han & Grunstein, 1988). Studies conducted by Wolffe and colleagues revealed that the
N-terminal tails of core histones could impede binding of the TFIIIA transcription factor
to 5S DNA nucleosomes and such inhibition was relieved by acetylation or removal of
the core histone N-terminal tails (Lee et al., 1993). In vitro transcription studies by
Studitsky et al. (Studitsky et al., 1997) revealed that the phage SP6 RNA polymerase and
yeast RNA pol III could transcribe through mononucleosome substrates without inducing
complete disruption of the nucleosome. Transcription involved internal translocation of
the histone octamer (in cis), to an already transcribed region of DNA with the octamer
never leaving the template, as seen from restriction endonuclease protection studies and
the absence of accumulating free nucleosomal DNA in mobility shift gels. This led the
authors to propose a mechanism where the histone octamer steps around in an
intranucleosomal loop, while the polymerase transcribes through nucleosomes (Studitsky
et al., 1997). Packaging of ori (origin of replication) sites into nucleosomes have been
shown to inhibit replication initiation as seen in studies by Simpson et al. where
mutations resulting in packaging of ARS (autonomously replicating sequence) in
nucleosomes resulted in much decreased plasmid copy number (Simpson, 1990).
Several in vitro and in vivo studies have indicated that nucleosomes are
disrupted ahead of the replication fork. Sogo and colleagues conducted psoralen crosslinking to study SV40 chromatin replication in vivo. The nucleosome immediately ahead

129

of the replication fork was depleted of H1, and one or both H2A-H2B dimers, while the
next nucleosome was found lacking H1 but otherwise intact (Gasser et al., 1996).
Electron microscopic studies have revealed that the daughter DNA strands are quickly
assembled into nucleosomes behind the replication fork (McKnight & Miller, 1977).
Immunoaffinity purification studies of epitope-tagged H3.1 (the major S phase-associated
core H3) from HeLa nuclear extracts have revealed association of H3.1 with the histone
chaperones CAF1 (Chromatin Assembly Factor 1), ASF1A and ASF1B (Anti-Silencing
Factor 1), indicating a role for these chaperone proteins in replication-associated
deposition of H3-H4 (Tagami et al., 2004). It is not completely understood how parental
nucleosomes are segregated between daughter DNA molecules. Sogo and colleagues
studied nucleosomal intermediates during replication (in the presence of cycloheximide)
in SV40-infected cells and an in vitro cell-free replication system using psoralen crosslinking and electron microscopy. Replicated SV40 chromatin from infected cells
exhibited nucleosome-sized bubbles whereas in vitro replication in the absence of
concurrent nucleosome assembly resulted in ~180 and 90 nt-sized bubbles, thought to
represent histone octamers and H3-H4 tetramers respectively. This suggested that
assembly of H3-H4 tetramers preceded deposition of H2A-H2B dimers onto newly
replicated DNA (Sogo et al., 1986). Early in vivo replication studies done in the absence
of de novo histone synthesis, revealed only ~25% of labeled (newly replicated) DNA in
MNase-resistant nucleosomal and oligonucleosomal fractions, compared with ~50% in
control cells suggestive of segregation of parental histones to the daughter DNA
molecules (Weintraub, 1976). Similarly, polyoma virus minichromosomes replicated in
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the presence of protein synthesis inhibitors in CV1 cells, revealed assembly of half the
number of nucleosomes on daughter DNA molecules, compared to what was assembled
in control cells [Reviewed in (Annunziato, 2005)]. These and other observations are
supportive of a dispersive model for segregation of parental histones to daughter DNA,
coupled with new histone synthesis and deposition, rather than a semi-conservative
model for segregation of heterotypic heminucleosomes (one copy each of H3, H4, H2A
and H2B) to the daughter DNA [For review see (Annunziato, 2005)]. Interestingly, and in
contrast to several studies indicating nucleosome disruption during replication, an in vitro
study by Alberts and colleagues found that the bacteriophage T4 proteins could replicate
past nucleosomes with the histones remaining associated with the DNA without being
completely displaced (Andrea et al., 1990).
Reinberg and coworkers demonstrated the role of FACT (Facilitates chromatin
transcription) complex in destabilization of nucleosomes during RNA Pol II transcription
and subsequent reassembly. The FACT subunit Spt16 (Suppressor of Ty 16) was shown
to bind H2A-H2B dimers and mononucleosomes via its acidic C-terminal domain, while
the smaller SSRP1 (Structure-Specific Recognition Protein 1) was shown to interact with
H3-H4 tetramers, as demonstrated in affinity pull-down and co-immunoprecipitation
assays. In vitro transcription and pulse-labeling studies with immobilized fluorescentlylabeled H3 and H2B-containing mononucleosomes, revealed enhanced transcription runoffs in the presence of FACT, associated with the apparent displacement of an H2A-H2B
dimer. This was indicated by a reduction in dimer to tetramer ratio from 1 to ~0.5 and
was confirmed in gel-shift assays where the FACT-associated production of a hexasome-
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like particle was reverted to octameric positions of migration with the addition of H2AH2B dimers. FACT was also demonstrated to have histone chaperone activities and could
deposit core histones on DNA. These observations indicate that FACT can perform a dual
role in displacement of H2A-H2B dimers allowing for efficient transcription, and
redeposition of the dimers restoring the epigenetic make up of chromatin behind the
transcription apparatus (Belotserkovskaya et al., 2003).
Nucleosomes have also been reported to impair or inhibit activity of enzymes
involved in DNA repair. A study using purified human NER factors has revealed that
dinucleosomes strongly inhibit excision of UV-induced 6-4-PP [pyrimidine (6-4)
pyrimidone photoproducts] and such inhibition was found to be relieved by the ATPdependent chromatin remodeler ACF (Ura et al., 2001). Smerdon and colleagues used
nucleosomes containing positioned cyclobutane thymine dimers (CTDs) and
demonstrated 2-3-fold diminished repair by Xenopus nuclear extracts compared to naked
DNA (Svedruzic et al., 2005). The in vitro repair of certain platinum adducts using
mammalian cell extracts was found to be almost 10-fold diminished on nucleosomes
compared to control reactions on naked DNA (Wang et al., 2003). These and other
studies reveal that NER can be significantly impeded by nucleosomes and must involve
concerted action of chromatin modifiers and / or remodelers to allow for efficient repair
(discussed in section on NER) (Hara et al., 2000; Liu & Smerdon, 2000; Kosmoski et al.,
2001). Similarly, DNA glycosylases that function in the base excision repair pathway are
impeded by nucleosomes. Nilsen et al. performed studies using purified proteins and
reported 3-9-fold reduced excision of uracil from U:A pairs on nucleosomal substrates
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(Nilsen et al., 2002). Beard et al. have shown that the activity of UDG on nucleosomes
containing U:A was ~10-fold diminished compared to naked DNA, with a uracil facing
away from the histone octamer cleaved ~3-fold better than one facing toward the octamer
(Beard et al., 2003). In addition, POL β is inhibited to varying extents by nucleosomal
substrates. While POL β repair synthesis was reduced on 5S DNA nucleosomes
compared to naked DNA, nucleosomes assembled on the TG-GRE-TG positioning
element completely inhibited POL β (Nilsen et al., 2002; Beard et al., 2003). Human
DNA ligase I revealed ~10-fold reduced activity at a nick positioned at the dyad center of
the nucleosomes whereas it was 4-6 fold impeded closer to the edge (Chafin et al., 2000).
The activity of the human bifunctional DNA glycosylase, NTH1, was impeded to varying
extents on the nucleosome as a function of the rotational and translational position of the
lesion. An outward-facing lesion closer to the nucleosome edge was processed almost as
efficiently as naked DNA and inward facing lesions were processed much less efficiently
as a function of distance from the nucleosome edge. Notably, processing of both inwardfacing lesions was found to increase with increasing NTH1 concentrations suggesting a
mechanism of lesion capture during cycles of partial unwrapping of nucleosomal DNA
(Prasad et al., 2007). This suggests that repair of oxidative lesions located closer to the
nucleosome edge by early steps in BER might be facilitated by intrinsic nucleosomal
dynamics, but efficient repair of lesions closer to the dyad center and the later steps in
BER likely require assistance from chromatin remodeling or modifying proteins.
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1.12 Human Endonuclease III (NTH1)
The human homologue of E. coli bifunctional DNA glycosylase endonuclease
III (Nth), NTH1, was identified by Hickson and colleagues as a gene originally
designated OCTS3, found deleted in many patients with tuberous sclerosis, a rare
multisystem genetic disorder characterized by growth of benign tumors in multiple vital
organs leading to seizures, developmental delay, skin, lung and kidney disease
(Aspinwall et al., 1997). Sequencing of the NTH1 full-length 1061 bp transcript revealed
a 936 bp ORF with two additional in-frame start sites, at positions 9 and 16 from the
predicted initiator methionine. The 312 amino acid long, 34.3 kDa hNTH1 has high
sequence conservation relative to its prokaryotic and eukaryotic homologues, with the
exception of a 98 amino acid, N-terminal tail (Ch1-Figure 13). The conserved portion of
NTH1 sequence includes a helix-hairpin-helix (HhH) motif involved in DNA binding and
four conserved Cys residues in the C- terminus that form a 4Fe-4S cluster loop (FCL)
(Aspinwall et al., 1997). X-ray crystallography indicates that E. coli Nth has two αhelical domains that flank a deep, solvent-filled cleft or pocket that can accommodate a
flipped -out base. The catalytic residues, Lys 120 and Asp 138 in E. coli Nth, lie at the
mouth of this pocket. The HhH motif is highly conserved and in E. coli spans the residues
108-127 consisting of two alpha helices lined with hydrophobic residues that allows for
packing of the helices against each other. The location of the HhH motif at the
interdomain interface positions the flexible five-residue connecting region (between the
two α−helices) for its proposed role in DNA binding. The 4Fe-4S cluster domain lines
the other end of the interdomain groove, is inactive in catalysis and is thought to have a
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structural role in positioning the conserved basic residues (Lys191, Arg193 and Arg190)
for interaction with the DNA phosphodiester backbone. An E. coli site-directed mutant
K191E was found to have ~100-fold increase in KM (with unaltered kcat), suggestive of a
role for the FCL motif in DNA binding.
Mitra and colleagues determined Lys 212 to be the active nucleophile in
hNTH1, by reversed phase HPLC analyses of proteolytically cleaved, borohydridetrapped enzyme substrate complexes, and by site-directed mutagenesis studies (Ikeda et
al., 1998). NTH1 removes oxidized ring-saturated and ring opened pyrimidines, including
thymine glycol (Tg), dihydrouracil (DHU), urea, 5-hydroxyuracil, 5-hydroxycytosine and
dihydrothymine. Unlike its E. coli counterpart, human NTH1 can also process imidazole
ring-opened FaPy lesions. DNase I footprinting studies of NTH1 incubated with a labeled
oligonucleotide substrate revealed an area of NTH1 occupancy spanning ~10 nt in the
lesion-containing strand (4 nt on the 5’ side and 5 nt on the 3’ side) and a 15 nt protected
segment in the complementary strand (Ikeda et al., 1998). Expression of NTH1 was
found to be cell-cycle regulated with increased transcription during early and mid S phase
as revealed by Northern blot analyses of RNA from synchronized human skin
keratinocytes (Luna et al., 2000).
Marenstein et al. (Marenstein et al., 2001) reported that the DNA N-glycosylase
and AP lyase activities of NTH1 are uncoupled, such that the lyase activity is 7-fold
diminished compared to the glycosylase activity on a Tg opposite an adenine. By
contrast, the glycosylase and lyase rates for NTH1 on Tg:G substrates were similar to one
another and to the lyase rate for Tg:A substrates. APE1 was found to stimulate both the
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N-glycosylase and lyase activities of human NTH1 on Tg:A substrates independently of
its catalytic acitivity. When activated by addition of Mg++, APE1 was able to abrogate the
lyase activity of NTH1 on Tg:A substrates, as indicated by the appearance of the slower
migrating 3’OH APE1 cleavage product rather than the NTH1-generated β-elimination
product. A clue to the molecular basis for the enhancement of NTH1 turnover by APE1
came from evidence of a decreased half-life of the Schiff base intermediate formed
between NTH1 and its substrate. No APE1-mediated enhancement of NTH1 activity or
abrogation of lyase activity was observed with Tg:G substrates. The reduced NTH1
glycosylase/lyase rates and failure of APE1 to stimulate NTH1 activity on Tg:G
substrates was attributed to inhibition of NTH1 by its AP:G product (Marenstein et al.,
2003).
Teebor and colleagues reported stimulation of NTH1 lyase activity, and the
glycosylase activity to some extent, by YB-1 (Y-box 1), a damage-inducible transcription
factor, on both Tg:A and Tg:G substrates. In this case, stimulation of NTH1 by YB-1 was
attributed to shifting of the steady-state equilibrium toward the Schiff-base complex as
evidenced by increased accumulation of borohydride-trapped complex in the presence of
YB-1 (Marenstein et al., 2001).
The disordered N-terminal tail of NTH1 contains a putative mitochondrial
localization signal (MLS) and three nuclear localization signals (NLS1, NLS2 and
NLS3). NTH1-GFP constructs with translation start sites at Met 1 (full-length), Met 9 or
Met 16 were found to localize exclusively to the nucleus of HeLa cells. Studies with
truncated versions of NTH1 lacking one or more NLS revealed a requirement for both
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NLS1 and 2 in nuclear sorting, whereas the putative NLS3 was dispensable. Site-directed
mutations of NTH1-eGFP constructs at Arg 34 (in NLS-1) or Arg 49 (in NLS-2), or the
deletion of Arg32-24 (in NLS-1), resulted in altered sorting into both mitochondria and
nucleus, indicating the requirement for these Arg residues in nuclear targeting (Luna et
al., 2000; Ikeda et al., 2002).
The N-terminal tail of NTH1 has been implicated in product binding, resulting
in 5- to 7-fold reduced product release and extremely low turnover rates. Roy and
colleagues found that the Δ55, Δ72 and Δ80 N-terminal truncation mutants of NTH1 have
4-5 fold higher activities than the full-length enzyme. Single turnover kinetic analyses
showed no increase in glycosylase and lyase rates whereas burst kinetics indicated that
enzyme turnover was enhanced in the mutants compared to the full-length enzyme,
indicating that the N-terminal tail limits product release (Liu & Roy, 2002). Later in vitro
and in vivo cross-linking studies and far-western blotting studies implicated the NTH1 Nterminal tail in protein-concentration dependent homodimerization. The Δ55, Δ72 and
Δ80 N-terminal truncation mutants displayed ~2, 3 and 4-fold diminished dimerization
potential, respectively, relative to the full-length enzyme. NTH1 was shown to have nonMichaelis Menten kinetics at higher concentrations sufficient for homodimerization
resulting in cooperative increase in product formation due to an ~11-fold enhanced rate of
product release (and hence enzymatic turnover). Dimerization did not alter the
glycosylase or lyase rates, as indicated by single turnover and burst kinetics. Hence,
NTH1 dimerization (at concentrations greater than 100 nM) could mask the inhibitory
potential of the N-terminal tail, mediating enhanced product release. Consistent with the
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above observations, multiple turnover kinetic studies by Marenstein et al. (Marenstein et
al., 2001) revealed non-Michaelis Menten activity of NTH1 where kcat increased as a
function of enzyme concentration making any estimation of KM difficult and nonmeaningful.
Interestingly, semi-quantitative determination of NTH1 concentrations in the
HeLa cell nucleus and cytoplasm revealed high 2.3 µM levels in the nucleus and ~0.65
µM in the cytosol. In vivo formaldehyde cross-linking revealed dimerization of NTH1 in
the nucleus but not in cytosolic extracts, suggesting that the high nuclear concentrations
of NTH1 might facilitate dimerization and enhance enzyme turnover (Liu et al., 2003).
Ionizing radiation and endogenous oxidative stress can cause a variety of DNA
base damage including oxidation and fragmentation of thymine bases. Thymine is
thought to be one of the most easily oxidized bases and 10-20% of ionizing radiation
damage is likely accounted for by oxidation products of thymine (Kung & Bolton, 1997).
These include 5,6-dihydroxy-5,6-dihydrothymidine (thymine glycol; Tg), thymine
peroxide and thymine hydroperoxide, some of which can further be converted to urea.
Many early studies using osmium tetroxide treated M13 phage ssDNA revealed
termination of DNA synthesis by E. coli DNA polymerase I Klenow fragment and T4
DNA polymerase at Tg sites on the template DNA, as seen from dideoxy sequencing and
gel electrophoresis studies. Hence, termination occurred following incorporation of a
dAMP opposite the Tg. Urea-containing substrates, generated by alkali hydrolysis of
OsO4-treated M13 single-stranded DNA also blocked replication, specifically just prior to
the position of urea (3’ of urea on the template strand). The impact of Tg as a replication
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block was modulated by sequence context. There was no Tg blocking evident on
templates where Tg was flanked on the 5’ side by cytosine and on the 3’ side by a purine
(5’ C Tg Pu 3’), however, urea residues in the same sequence context still blocked
replication (Ide et al., 1985; Clark & Beardsley, 1986; Hayes & LeClerc, 1986). Tg and
urea lesions have been found to inactivate φX174 RF I DNA infectivity, where 10-12 Tg
residues/ DNA molecule were sufficient to produce one lethal hit (Laspia & Wallace,
1988).
Tg is a distorting lesion owing to loss of aromaticity and consequent loss of
planarity. NMR studies of duplex oligonucleotide containing Tg:A have revealed that Tg
is largely extrahelical and induces a local structural distortion (Kung & Bolton, 1997). On
the other hand, X-ray crystallography studies of the bacteriophage RB69 DNA
polymerase complexed with primer and template DNA, with an acyclic AMP
incorporated opposite the template Tg, indicated that Tg is intrahelical and forms normal
Watson-Crick base pairs with adenine. However, the 5’ methyl group of Tg protruded
axially, interfering with base stacking of the adjacent 5’ template guanine, not allowing
incorporation of the incoming nucleotide thus causing the replication block (Aller et al.,
2007).
Both NTH1 and NEIL1 are responsible for the repair of oxidized pyrimidines
including thymine glycol in vivo. Both the cis isomers of Tg (5R,6S and 5S,6R) are
known to be generated in similar levels by ionizing radiation as revealed by HPLC copurification of irradiation-generated 3H-Tg with 14C-labeled purified cis-Tg, followed by
NMR and mass spec analysis (Teebor et al., 1987). In vitro studies comparing NTH1 and
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NEIL1 activities indicated that NTH1 has a ~13-fold greater preference for the 5R
stereoisomer of Tg (the cis 5R,6S isomer in equilibrium with trans 5R,6R isomer) over the
5S stereoisomer (cis 5S,6R isomer in equilibrium with the trans 5S,6S isomer). NEIL1
only marginally (1.5 fold) preferred the 5R-Tg over the 5S stereoisomer. Studies using
HeLa cell extracts revealed a 5R to 5S-Tg excision profile consistent with NTH1 being
the predominant activity in repair of Tg in vivo. NEIL1 is thought to play a significant
role in repair of 5S-Tg in vivo. Using purified proteins and oligonucleotide substrates
Hanaoka and colleagues found that DNA polymerase α was blocked by both 5R and 5S
forms of Tg in the template strand following incorporation of a dAMP opposite the
template Tg. Such incorporation of dAMP opposite Tg by POL α was ~16-fold
diminished compared to dAMP incorporation opposite an undamaged template thymine.
Interestingly, DNA POL η was found to exhibit efficient translesion synthesis (TLS) past
the 5R-Tg but was blocked by the 5S-Tg. This suggests that translesion polymerases such
as Pol η may function in DNA synthesis past (5R) Tg lesions that might escape detection
and repair by NTH1 or NEIL1 and subsequently block replicative polymerases. The
authors propose that 5S-Tg refractory to POL η translesion synthesis, could be bypassed
by other TLS polymerases in vivo (Kusumoto et al., 2002). In vitro studies by Sancar and
coworkers revealed that oxidative lesions including Tg and 8OG can also be repaired by
the NER pathway. Specifically, HeLa or CHO cell extracts, or the purified mammalian
excision nuclease (NER proteins required for dual incision), generated NER-associated
20-30 nt repair patches, along with different sized products consistent with BERmediated repair. Cell extracts from XP-A, XP-B, XP-C, XP-D, XP-F and XP-G cells
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failed to generate this repair patch. 20-30% of XP cases have been shown to manifest
with neurological symptoms, including neuronal death in the central and peripheral
nervous system, that remains unexplained, since the nervous system is protected from UV
damage. The authors propose that deficient repair of endogenously generated oxidative
damage in XP cells could contribute to the neurological abnormalities associated with XP
(Reardon et al., 1997). nth1-/- mice were found to be viable and fertile with no overt
abnormalities, which is likely consistent with multiple layers of redundancy within and
between different pathways of oxidative base damage repair (Ocampo et al., 2002).
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Ch1-Figure 1 Nucleotide Excision Repair pathways
(Christmann et al., 2003)

142

Ch1-Figure 2 The Rad50-Mre11 complex tethering DNA ends together
(Wyman & Kanaar, 2006)
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Ch1-Figure 3 Synthesis-dependent strand annealing pathway of DSB repair
(Helleday et al., 2007)
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Ch1-Figure 4 Double Holliday junction model of DSB repair
(Helleday et al., 2007)
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Ch1-Figure 5 Single-strand annealing model for DSB repair
(Helleday et al., 2007)
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Ch1-Figure 6 Homologous recombination-mediated repair of stalled replication

forks
(Helleday et al., 2007)
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Ch1-Figure 7 Mechanism of mono and bifunctional glycosylase action
(Williams & David, 1998)

148

Ch1-Figure 8 Short and long-patch BER
(Christmann et al., 2003)
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Ch1-Figure 9 Lesions repaired by the Base Excision Repair pathway
(Krokan et al., 1997)
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Ch1-Figure 10 Compaction of DNA in the eukaryotic nucleus
(Alberts et al., 1998; Felsenfeld & Groudine, 2003)
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Ch1-Figure 11 Crystal structure of the nucleosome core particle at 2.8 A

resolution

(Luger et al., 1997)
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Ch1-Figure 12 Nucleosome stabilization and chromatin compaction behind the RNA pol
II elongation complex.
RNA Pol II CTD phosphorylation is linked to Set2-mediated H3K36
methylation and Rpd3-mediated deacetylation (Li et al., 2007)

Ch1-Figure 13 Domain architecture of human NTH1 and E. coli Nth
(Liu & Roy, 2002)
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CHAPTER 2

Initiation of base excision repair of oxidative lesions in nucleosomes by the human,
bifunctional DNA glycosylase NTH1
Base excision repair of lesions in nucleosomes

Amalthiya Prasad, Susan S. Wallace and David S. Pederson*
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ABSTRACT
Oxidative lesions account for much of the spontaneously occurring DNA damage in
normal cells and, left unrepaired, can be mutagenic or cytotoxic. We have investigated
the capacity of purified human enzymes to initiate the base excision-mediated repair
(BER) of oxidative lesions in model nucleosomes. In a construct where the minor groove
of a thymine glycol lesion faced outward from the histone octamer, the DNA glycosylase
hNTH1 processed the lesion with nearly the same efficiency as in naked DNA. The
hNTH1 reaction did not generate free DNA, indicating that the first step in BER occurred
without irreversibly disrupting nucleosomes. Instead, lesion processing entailed
formation of nucleosome-hNTH1 ternary complexes that could be visualized in a gel
mobility shift assay. These complexes contained both processed and unprocessed DNA.
hNTH1 processing of lesions whose minor groove faced toward the histone octamer was
poor at low hNTH1 concentrations but increased substantially as hNTH1 concentrations
increased to near physiological levels. Additionally, an inward-facing lesion near the
nucleosome edge was more efficiently processed than one closer to the nucleosome dyad.
These observations suggest that access to sterically occluded lesions entails the partial,
reversible unwrapping of DNA from the histone octamer, allowing hNTH1 to capture its
DNA substrate when it is in an unwound state.
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INTRODUCTION
DNA in eukaryotes is packaged in chromatin, which consists predominantly of
nucleosome arrays, punctuated by protein-DNA complexes that carry out such processes
as transcription, DNA replication and repair, and chromosome segregation (for reviews
see (van Holde, 1989; Wolffe, 1998; Kornberg & Lorch, 1999; Felsenfeld & Groudine,
2003)). Nucleosomes influence these and other DNA transactions to varying extents. For
example, nucleosomes are partially or fully disrupted ahead of the moving replication
forks ((Lucchini et al., 2001); reviewed by (Groth et al., 2007)) and, although newly
replicated DNA is quickly packaged into new nucleosomes, correction of replication
errors by proofreading activities of replicative DNA polymerases probably occurs in a
quasi nucleosome-free region. PCNA-mediated recruitment of mismatch repair (MMR)
machinery to replication foci (Kleczkowska et al., 2001) may permit it to act in a
nucleosome-free zone as well, although it appears that only a small fraction of MMR
activity is replication-associated. Nucleotide Excision Repair (NER) of UV
photoproducts and bulky chemical adducts requires at least 30 proteins and 100 bp DNA
to either side of the DNA lesion and occurs independently of genomic replication. This
suggests that NER requires the transient disruption of one or more nucleosomes.
Nucleosome disruption may be facilitated by the reduced stability and increased mobility
of nucleosomes in transcribed regions (reviewed by (Peterson & Cote, 2004; Studitsky et
al., 2004; Li et al., 2007)) in cases where NER enzymes are recruited to transcription
elongation complexes stalled at sites of DNA damage (Hanawalt & Sivak, 1999; van
Hoffen et al., 2003). Additionally, some but not all bulky lesions subject to NER have
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been reported to occur preferentially in linker regions (e.g. UV-induced 6,4,
photoproducts but not cyclobutane pyrimidine dimers; reviewed by Pfeifer (Pfeifer,
1997)), suggesting either that nucleosomes suppress formation of such lesions or that
bulky lesions destabilize or induce the migration of histone octamers to nearby
undamaged DNA.

Oxidative lesions account for much of the spontaneously occurring DNA damage in
normal cells and are efficiently repaired by enzymes in the Base Excision Repair (BER)
pathway (reviewed by (David & Williams, 1998; Wallace, 1998, 2002)). DNA lesions
that result from oxidative damage or ionizing radiation generally are small and relatively
non-distorting, and occur both within and outside of nucleosomes, although the pattern of
oxidative damage within nucleosomes may sometimes exhibit a periodicity that reflects
the helical periodicity of nucleosomal DNA (for details, see (Lett, 1990; Enright et al.,
1992; Liang & Dedon, 2001; Rydberg, 2001; Nunez et al., 2002)). This makes it
important to determine which step(s) in BER are nucleosome-limited, and to investigate
mechanisms that cells use to circumvent these limits. BER is initiated by either mono- or
bifunctional DNA glycosylases that remove the damaged base from its deoxyribose
sugar. Monofunctional DNA glycosylases leave an apurinic (AP) site that is a substrate
for apurinic endonuclease (APE1), which cleaves 5' of the AP site, leaving a 5' blocked
terminus that must be removed by a 5' deoxyribose phosphatase, an activity intrinsic to
DNA polymerase β (Matsumoto & Kim, 1995). Bifunctional DNA glycosylases contain a
lyase activity that cleaves 3' of the AP site, such that subsequent action by APE1

157

produces a repairable gap. In short patch BER, the resulting gap can then be filled by
DNA polymerase β and sealed by Ligase III, in concert with XRCC1 (Cappelli et al.,
1997; Dianova et al., 2004).

The capacity of human monofunctional DNA glycosylases to act on lesions in
nucleosomes has been studied in vitro by two groups. Using model nucleosomes
assembled with glucocorticoid hormone receptor response element (GRE)-containing
DNA, Smerdon and colleagues found a substantial reduction in both the rate and extent
of removal of uracil residues from nucleosomes by human uracil DNA glycosylase
(UDG), with the extent of inhibition varying with the helical orientation of the uracil
residues relative to the underlying histone octamer (Beard et al., 2003). Using model
nucleosomes assembled with Lytechinus variegatus 5S ribosomal DNA, Nilsen et al.
(Nilsen et al., 2002) reported a similar reduction in efficiency of removal of uracil
residues from nucleosomes by either human UNG2 or human SMUG1. However, this
second group reported that the efficiency of uracil removal was essentially uniform,
irrespective of the rotational position of the uracil relative the histone octamer. Further
studies indicated that DNA polymerase β, which acts at a later step in BER, was partially
inhibited by the L. variegatus 5S DNA-containing nucleosome, but completely inhibited
by the GRE-containing nucleosomes (Nilsen et al., 2002; Beard et al., 2003).
Interestingly, however, both Ligase I and FEN I, which act in long patch BER, were able
to act on nucleosomal substrates with nearly the same efficiency as seen in linker DNA
(Chafin et al., 2000; Huggins et al., 2002). The Ligase I result was particularly surprising
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since structural studies indicate that it virtually encircles its DNA substrate (Pascal et al.,
2004).

The above-described studies suggested that early steps in BER can occur on nucleosomes
but that some degree of perturbation, remodeling, or disruption of nucleosomes is
required to complete BER. It is still not clear, however, how DNA glycosylases gain
access to sterically occluded lesions. Possibly, DNA glycosylases are able to capture such
lesions because of spontaneous, partial unwrapping of DNA from the histone octamer, a
phenomenon that may also help transcription and other factors bind to nucleosomal
targets (Polach & Widom, 1995; Protacio et al., 1997; Geraghty et al., 1998; Li &
Widom, 2004; Li et al., 2005; Tomschik et al., 2005). To test this hypothesis, and to
extend the above-described studies to bifunctional DNA glycosylases, we examined the
capacity of purified human NTH1 (hNTH1) to act on a series of thymine glycolcontaining model nucleosomes in vitro. We report that the hNTH1 can process thymine
glycol residues that face away from the histone octamer with an efficiency approaching
that observed for naked DNA. Processing occurs without the discernable disruption of
nucleosomes (as visualized by native gel electrophoresis). Under substrate excess
conditions, processing of inward-facing lesions predicted to be sterically occluded was
substantially inhibited. However, as concentrations of hNTH1 were increased to near
physiological levels, the efficiency of cleavage of an inward-facing lesion increased
substantially. As with outward-facing lesions, cleavage at inward-facing lesions occurred
without nucleosome disruption. The efficiency of cleavage of an inward-facing lesion
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closer to the center (dyad axis) of the nucleosome was lower than that of a similarly
oriented lesion closer to the nucleosome edge. These observations support the idea that
repair of inward facing lesions involves the capture of lesions by hNTH1 during cycles of
spontaneous, reversible partial DNA unwrapping from the histone octamer.

MATERIALS AND METHODS
Preparation of DNA substrates for nucleosome assembly. Partially complementary
DNA oligomers (The Midland Certified Reagent Co.) were annealed and extended using
exo- Klenow enzyme (NEB) to produce a 171 bp DNA fragment that included the
Lytechinus variegatus 5S rDNA nucleosome positioning sequence (Simpson & Stafford,
1983) and was flanked by Kpn I and Bam HI sites at one end and Eco RV and Xba I sites
at the other end. This fragment was gel-purified, cleaved with Kpn I and Xba I, ligated
into pBlueScribe (pBS), and the resulting plasmids were transformed into DH5α cells.
Positive clones were selected, and insertion of the desired fragment confirmed by PCR
analyses and DNA sequencing. One such plasmid was designated pBS-5SLv and used in
the preparation of model nucleosomes. DNA for lesion-free nucleosomes was excised
from pBS-5SLv by cleavage at Eco RI and Hind III sites that flanked the 5S rDNA insert.
The excised DNA was gel purified and labeled at both ends, using α32PdATP (NEN) and
exo- Klenow enzyme (NEB). The labeled DNA was then digested with either Bam HI or
Xba I, and rendered blunt-ended, using exo- Klenow enzyme (NEB) and unlabeled
dNTPs, to produce uniquely end-labeled 177 and 171 bp fragments that were used to
reconstitute nucleosomes. DNA for lesion-containing nucleosomes was prepared by
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digesting pBS-5SLv with Kpn I and Hind III, to liberate a fragment with a bottom strand
that was 8 nt longer than the top strand. The longer bottom strand was gel purified and
used as a template in primer-extension reactions with DNA oligomers (Midland Certified
Reagent Co.) that each contained a single, discretely positioned thymine glycol residue
(at sites indicated in Ch2-Figure 1). The lesion-containing oligomers were gel-purified,
quantified by spectrophotometry, 5' end labeled using γ32PATP and T4 polynucleotide
kinase (NEB), annealed (in ~1.5 fold molar excess) to the unlabeled template strand, and
extended with exo- Klenow enzyme (NEB) and cold dNTPs at 25°C. The resulting fulllength, double stranded DNA fragment was gel purified, quantified by liquid scintillation
counting, and used for the reconstitution of nucleosomes.

Preparation of donor chromatin for nucleosome assembly. Donor chromatin was
prepared using a modified version of standard methods (Simon & Felsenfeld, 1979;
Simpson & Kunzler, 1979). Chicken red blood cells were obtained from citrated chicken
blood (Pel-Freeze Biologicals), washed twice with pre-chilled buffer A (150 mM NaCl,
2.5 mM EGTA, 10 mM glucose, 10 mM MES (pH 6.0), with 2 mM DTT, 0.25 mM
PMSF and 1mM benzamidine hydrochloride hydrate added just before use). The washed
erythrocytes were suspended in cold Buffer B (100 mM KAc, 2.5 mM MgCl2, 20 mM
HEPES (pH 7.6), with 2 mM DTT, 0.25 mM PMSF, 1 mM benzamidine hydrochloride
hydrate, 0.5 mM EGTA, 0.5 mM spermidine HCl and 0.05 mM TPCK added just before
use), and lysed while stirring by the dropwise addition of 10% NP40 to a final
concentration of 0.1%. Nuclei were recovered from the lysate by centrifugation, washed
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twice with buffer B plus 0.1% NP40, suspended in buffer C (100 mM KAc, 2.5 mM
MgCl2, 20 mM HEPES (pH 7.6), 2 mM DTT and 1 mM CaCl2), and incubated with 4000
(Worthington) units of Micrococcal nuclease (Sigma) at 37°C for 15 min. Digestion was
terminated by the addition of EDTA to 10 mM and chilling the reaction mixture in wet
ice. The digested nuclei were collected by centrifugation and suspended in cold 0.5 mM
EDTA (pH 7.6), containing freshly added 0.25 mM PMSF and 0.05 mM TPCK to elute
the chromatin oligomers. After ~20 min elution, nuclei were collected and suspended for
a second ~20 min elution. The eluates were combined, cleared by centrifugation, and the
soluble chromatin stripped of its linker histones by the dropwise addition, while stirring,
of cold, 6-fold concentrated buffer D (final concentration = 600 mM NaCl, 50mM Tris
pH 8.0, 1 mM EDTA, 1 mM DTT). The stripped chromatin was then separated from
linker histones and other free proteins by sephacryl S500 chromatography in buffer D.
Column fractions were collected, assayed by absorbance at 260 nm, and DNA and
proteins in alternate fractions were analysed by gel electrophoresis. Fractions devoid of
linker histones and containing high amounts of core histones were pooled, and
concentrated, using Centricon Plus-20 centrifugal filters (Millipore). The NaCl
concentration of the pooled chromatin was reduced to about 70 mM by multiple rounds
of dilution with buffer E0 (25 mM HEPES (pH 8.0), 1 mM EDTA, and 1 mM freshly
added DTT) followed by reconcentration, after which the donor chromatin was made
15% in glycerol, divided into small aliquots, and frozen at -80°C.
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Reconstitution and characterization of nucleosomes. Nucleosomes were reconstituted
by high salt-mediated octamer transfer (Simpson & Kunzler, 1979; Godde & Wolffe,
1995). Generally, a 250-fold molar excess of chicken erythrocyte donor chromatin was
mixed with end-labeled, nucleosome-length or longer DNA, and NaCl was added to a
final concentration of 1 M in buffer E0. After 30 min incubation at 37°C, the mixture was
shifted to 30°C and diluted to a final NaCl concentration of 0.1 M over a two hour period,
by the stepwise addition of buffer E0 containing 0.05% NP-40. Nucleosome assembly
was monitored by electrophoresis through native 4% polyacrylamide gels (in 45 mM Tris
base, 45 mM boric acid, 1 mM EDTA). Gels were fixed in 10% acetic acid and 20%
methanol, dried, and the background-adjusted counts in the nucleosome and naked DNA
bands were quantified by phosphorimagery (Bio Rad Molecular Imaging System GS-525
at the Vermont Cancer Center DNA analysis facility). Reconstitution efficiencies,
calculated as [nucleosome counts / (counts in naked DNA plus nucleosome)] (after
correction for background), generally exceeded 90%. To assess the helical orientation of
DNA relative to the underlying histone octamer, end-labeled nucleosomes and naked
DNA controls in buffer E100 (i.e. buffer E0 with 100 mM NaCl) plus 0.05% NP40 were
mixed with 0.25 volumes of buffer F (25 mM HEPES (pH 8.0), 25 mM MgCl2, 12.5 mM
CaCl2, 50 µg/ml BSA (NEB)), containing freshly diluted DNase I (Gibco/BRL; 0.25 and
5.0 U/ml for naked DNA and nucleosomes, respectively), and incubated for varying
times (24 and 60 sec for naked DNA substrates and 1, 3, and 9 min for nucleosome
substrates) at room temperature (~23°C; n.b. Simpson and colleagues (Simpson &
Stafford, 1983) obtained identical DNase I cleavage patterns in 37°C reactions).
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Digestion reactions were stopped by addition of 1/3 volume of 50 mM HNa3EDTA, 0.4%
SDS, 0.2 mg/ml proteinase K, followed by incubation at 50°C for 1 hr. DNase I digestion
products were further purified by extraction with phenol and CHCl3, and fractionated on
8% sequencing gels. Gels were fixed in 10% acetic acid and 20% methanol, dried, and
exposed to x-ray film. Cleavage data were taken from gel lanes in which the average
DNA strand had been cleaved just once or less, as judged by the fraction of input DNA
that remained intact (and assuming that cleavage frequencies follow a Poisson
distribution). The translational position of lesion-containing DNA relative to the histone
octamer was assessed using data from both the DNase I assays described above and
restriction enzyme assays conducted as follows. Reconstituted nucleosomes and naked
DNA control substrates in buffer E100 containing donor chromatin were made 10 mM in
MgCl2, and incubated for one hour at 37°C with a nominal 50-fold unit excess of the
selected restriction enzyme. DNA from these reactions was fractionated on sequencing
gels and visualized by autoradiography.

Preparation and assay of hNTH1. hNTH1 cDNA was cloned into pTYB2 to generate
the plasmid pTYB2-hNTH1, allowing the expression of hNTH1 as a C-terminal intein
fusion protein. ER2566 (fpg-) cells were transformed with pTYB2-hNTH1, grown to an
A600 of 0.5, and induced by addition of IPTG to 1 mM. After an overnight induction at
16°C, cells were collected, flash frozen in N2(l), and lysed by sonication in buffer F (50
mM Tris-HCl pH 8.0, 500 mM NaCl, 1mM EDTA), containing freshly added 1 mM
PMSF and 10 mM Benzamidine HCl . Cell lysates were clarified by centrifugation and
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loaded onto a chitin column in buffer F. Self-cleavage of the column-bound intein was
induced by incubating the column for 18 hrs at 4°C in buffer F containing 50 mM DTT.
hNTH1 was then eluted in buffer F and further purified through an HiTrap SP-FF
column, which was eluted with 20 mM HEPES pH 7.6, 1M NaCl, 5mM BME, and 10%
glycerol. Protein concentrations were determined using the Bradford assay, and the
fraction of active enzyme (20-30% on average) was determined using a Schiff-base assay
(Blaisdell & Wallace, 2007) (n.b. total enzyme concentrations are indicated in the
Figures). Glycosylase reactions with lesion-containing nucleosomes and their naked
DNA counterparts were carried out in buffer E100 containing 0.05% NP-40, at the
substrate and enzyme concentrations specified in the Figure legends. For the naked DNA
reactions, equivalent amounts of the donor chromatin were added just prior to addition of
enzyme, to match the nucleosome reaction conditions. Reactions were generally
conducted at 37°C, for varying times up to 60 min. To measure DNA glycosylase-limited
reaction rates, reactions were halted by the addition of NaOH to 0.1N. Samples were
boiled for 3 min, mixed with an equal volume of 2x formamide load buffer, and
fractionated in an 8% sequencing gel. To measure lyase-limited reaction rates, reactions
were halted by the direct addition of an equal volume of 2x formamide load buffer.
Samples were boiled briefly and loaded onto sequencing gels. Gels were fixed, dried, and
the substrate and reaction products were quantified by phosphorimagery using the Bio
Rad Molecular Imaging System (GS-525) at the Vermont Cancer Center DNA analysis
facility.

165

Quantification of enzyme rate data. Using data obtained by phosphorimagery, we first
calculated the reaction extent for naked DNA substrates as a function of time (equal to
the cpms in the product band divided by the sum of cpms in the substrate and product
bands, after correction for background). To obtain true rate data from the nucleosome
reactions, we next subtracted from the apparent nucleosome rates that portion of the
signal contributed by the small amount of contaminating naked DNA substrate.
Specifically, (N-truet) = [N-apparentt – (fxn DNA in nuc. * Dt)] / [1 – fxn DNA in nuc],
where (N-truet) and (N-apparentt) are the true and apparent reaction extents, respectively,
for the nucleosome sample at time t, Dt is the true reaction extent for the naked sample at
time t, and [fxn DNA in nuc] is equal to 1 minus the nucleosome reconstitution
efficiency, measured as described above. Data from experiments where reconstitution
efficiencies varied from 85-95%, when corrected in this fashion, gave essentially
identical results. For the substrate excess reactions shown in Ch2-Figure 4, corrected
data were normalized to the maximum reaction extent observed for naked DNA; this
generally was limited to ~60% of total substrate by the slow turnover of hNTH1 in the
absence of other BER enzymes. The normalized results from multiple independent
experiments were then averaged and plotted as first order exponential reaction curves
(using “Prism” software from GraphPad). Corrected data from the enzyme excess
reactions shown in Ch2-Figure 6 were also normalized to the maximum reaction extents
for their respective naked DNAs (~77% and ~98%, respectively, for the Tg-46 and Tg-51
DNA substrates), prior to their being plotted as hyperbolic curves. Because E. coli Nei
glycosylase was able to cleave equivalent substrates to completion, the failure of excess
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hNTH1 to digest the Tg-46 and Tg-51 substrates to completion was probably due to
contamination by the non-preferred 5S stereoisomer of thymine glycol (Katafuchi et al.,
2004); it is highly unlikely that such contamination would influence the results of the
studies in this paper.

RESULTS
Assembly and characterization of model nucleosomes. To determine if hNTH1 can act
on lesions in nucleosomes, we assembled model nucleosomes containing the sea urchin
5S rDNA nucleosome positioning sequence (Ch2-Figure 1). This DNA segment adopts a
preferred rotational and translational position relative to the underlying histone octamer
(Simpson & Stafford, 1983), making it possible to investigate the efficiency of BER as a
function of a lesion’s position in a nucleosome. Nucleosomes were reconstituted by high
salt catalyzed transfer of histone octamers from donor chromatin isolated from chicken
erythrocyte nuclei, as described in the Methods. Gel electrophoresis of DNA, after
limited cleavage of the donor chromatin by Micrococcal nuclease and removal of linker
histones by fractionation through an S500 column in 0.6 M NaCl, revealed a
characteristic oligomeric repeat pattern indicative of short nucleosomal arrays (Ch2Figure 2A); gel electrophoresis of proteins from the same fractions revealed intact core
histones as well as the stripped linker histones H1 and H5 in the trailing fractions (Ch2Figure 2A). Gel electrophoresis also revealed highly efficient reconstitution of 5S rDNA
nucleosomes (Ch2-Figure 2B), and indicated that the electrophoretic mobility of the
reconstituted nucleosomes was similar to that of ethidium bromide-stained
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mononucleosomes from the donor chromatin population (not shown). The efficiency of
nucleosome reconstitution was quantified by phosphorimagery (see Methods), and found
generally to exceed 90%.

To assess the helical orientation of DNA in the reconstituted nucleosomes, 3' end-labeled
nucleosomes and their corresponding naked DNAs were treated with DNase I to similar
extents (c.f. Methods), and the cleavage products separated on sequencing gels. DNase I
cleavage sites in the lesion-free, parental nucleosomes tended to cluster, forming
cleavage maxima spaced at approximately 10 bp intervals (c.f. diamonds between lanes 4
and 5, and between lanes 10 and 11 in Ch2-Figure 2C). The cleavage maxima were
separated by DNA segments that were protected in the nucleosome but vulnerable to
DNase I in naked DNA (c.f. vertical lines between lanes 5 and 6, and lanes 11 and 12 in
Ch2-Figure 2C). Using size markers (lanes “M”), we were able to map most of the
DNase I cleavage sites at single base resolution (shown as diamonds in Ch2-Figure 1).
The positions of the cleavage maxima indicated that the helical orientation of the
nucleosomal DNA was the same as that first mapped by Simpson and colleagues
(Simpson & Stafford, 1983). Variation in pattern among different cleavage maxima
suggested that the predominant translational position of DNA in the reconstituted
nucleosome also matched that reported by Simpson and colleagues. This was confirmed
by restriction enzyme accessibility studies described below.
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The above-described DNase I data were used to design four nucleosomes for the studies
described in this paper. The first pair of nucleosomes each contained a single thymine
glycol (Tg) residue positioned so that the minor groove of the Tg-A base pair would
either face away from or toward the underlying histone octamer (nucleosomes “Tg-51”
and “Tg-46”, respectively, where 51 and 46 refer to the number of base pairs between the
lesion and the dyad axis of the nucleosome). Tg residues in the second pair of
nucleosomes also faced either away from or toward the histone octamer but were located
closer to the dyad axis (nucleosomes “Tg-22” and “Tg-26,” respectively). 5'-end-labeled,
lesion-containing DNAs were prepared as described in the Methods, and assembled into
nucleosomes. Gel mobility shift analyses indicated that inclusion of a single thymine
glycol lesion did not affect reconstitution efficiency. To rule out the possibility that
inclusion of the lesion had altered the rotational position of the nucleosomal DNA, we
treated lesion-containing nucleosomes with DNase I, as before. Ch2-Figure 3A shows
that, apart from a slightly reduced frequency of DNase I cleavage at the bond
immediately 3' of the Tg lesion in nucleosome Tg-51, the cleavage patterns for the lesioncontaining nucleosomes were virtually identical to the parental nucleosome, indicating
that the rotational setting was not affected by the Tg lesion. It remained possible that
introduction of lesions induced DNA shifts of one or more helical turns relative to the
dyad axis (thus preserving the original helical orientation), a phenomenon seen even in
the absence of DNA lesions (Dong et al., 1990; Pennings et al., 1991; Ura et al., 1995;
Howe & Ausio, 1998). To address this possibility, we treated lesion-containing
nucleosomes and corresponding naked DNA controls with the restriction enzymes
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depicted in Ch2-Figure 3B, as described in the Methods. As shown in Ch2-Figure 3C,
the resulting cleavage patterns were virtually identical for nucleosomes Tg-51 and Tg-46.
Dra I and Age I sites within the central wrap of the nucleosome were fully protected from
cleavage (compare lanes 6 and 8 to lanes 7 and 9 in Ch2-Figure 3C), whereas Bam HI
and Eco RV sites, located 145 bp apart and close to the entry and exit points of the
nucleosome, were, for the most part, vulnerable to cleavage (compare lanes 2 and 11 to
lanes 3 and 12 in Ch2-Figure 3C). A Psi I site, about midway between the Bam HI site
and the lesion in nucleosome Tg-51, was cleaved in about 13% of the molecules. This
result might reflect a population of nucleosomes in which the histone octamer is shifted
10 or 20 bp to partially or fully expose the Psi I site but could also reflect transient
exposure of the Psi I site due to spontaneous partial unwrapping of DNA near the edge of
the histone octamer, a phenomenon that is discussed in greater detail below. Collectively,
these results indicated that the DNA in most of the Tg-51 and Tg-46 nucleosomes was
positioned with single dominant helical and translational position, but did not exclude the
existence of minor translational variants. However, the key point in-so-far as this study is
concerned, is that a translational shift large enough to expose the lesions in either
nucleosome Tg-51 or Tg-46 (20 to 30 or more bp) would occlude the Pst I site, which
was cleaved almost quantitatively. Thus, virtually all of the lesions in each of the model
nucleosomes must reside within the nucleosome, with a discrete helical orientation.

Efficient processing of outward-facing Tg lesions by hNTH1. Having determined that
the DNA in nucleosomes Tg-51 and Tg-46 was positioned as expected, we measured the
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capacity of hNTH1 to remove lesions from these nucleosomes and their corresponding
naked DNAs. Previous studies indicated that the activity of hNTH1 on naked DNA
substrates is lyase- rather than glycosylase-limited (Marenstein et al., 2001; Marenstein et
al., 2003; Ocampo-Hafalla et al., 2006). To determine if its activity is also lyase-limited
on nucleosomal substrates, we added hNTH1 to molar excess amounts of nucleosome
Tg-51 (lesion facing out) and corresponding naked DNAs, in identical buffers, containing
equal amounts of donor chromatin. Aliquots from these reactions were collected at
varying times and divided into two equal parts. Half of each aliquot was loaded directly
onto sequencing gels to assess the overall reaction rate (i.e. glycosylase plus lyase). To
assess the glycosylase-only reaction rate the second half-aliquot was treated with NaOH
prior to electrophoresis. Ch2-Figure 4 shows that the lyase activity of hNTH1 was
significantly lower than its glycosylase activity on nucleosomes as well as on naked
DNA. Parallel experiments with the Tg-46 (lesion facing in) nucleosome and naked DNA
substrate revealed similarly reduced lyase activity (data not shown). To quantify these
results, we quantified substrate and cleavage products in Ch2-Figure 4A by
phosphorimagery, and calculated reaction extents as a function of time, as described in
the Methods. These calculations included a correction for the small amounts of naked
substrate DNA that contaminated our nucleosome preparations. We normalized the
resulting data and averaged with data from other experiments to generate the reaction
curves shown in Ch2-Figure 4B. Comparison of the initial slopes of the reaction curves
indicated that the lyase activity of hNTH1 is about 5-fold lower than its glycosylase
activity. This result indicated that glycosylase-limited reaction rates would best reflect the
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impact of nucleosomes on lesion recognition by hNTH1. Hence, in later experiments, we
generally assayed only the glycosylase-limited reaction rates.

Comparison of the initial slopes of the glycosylase-limited reaction curves in Ch2-Figure
4B indicated the activity of hNTH1 toward the outward-facing lesion in the Tg-51
nucleosome is only slightly reduced (~1.6-fold) compared to naked DNA. We observed a
similar reduction in reaction extent (i.e. the overall fraction of substrate cleaved within
the 60 min time-frame of the reaction). These results suggested that the modest reduction
in observed reaction rate is due to a reduction in substrate availability rather than a slower
catalytic rate. This in turn may partly reflect a moderate degree of substrate
heterogeneity, which could be the result of minor rotational or translational variants.
However, as described above, it is unlikely that there were translational shifts of
sufficient magnitude to expose the lesion in nucleosome Tg-51. Further evidence against
translational shifts large enough to expose the lesion in nucleosome Tg-51 (i.e. >20 bp)
came from control experiments in which the capacity of E. coli Udg to remove an
inward-facing uracil residue at a site even closer to the edge of the 5S rDNA nucleosome
was substantially lower than its ability to remove a uracil located at the outward-facing 51 site (Prasad, Wallace and Pederson, in preparation). Minor rotational variants within
the Tg-51 nucleosome population might also affect the accessibility of lesions.
Specifically, while our DNase I analyses indicate that DNA in most of the model
nucleosomes has a single preferred helical orientation, neither DNase I nor hydroxyradical footprinting assays are precise enough to rule out helical configurations that differ
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from the dominant position by +/-1 bp. The orientation of a Tg residue in a “one bp
rotational variant” would differ from that of the dominant variant by ~35°, and might
substantially reduce the efficiency of hNTH1 binding. Regardless of the exact
explanation, these studies indicated that hNTH1 can efficiently recognize ‘appropriately’
oriented DNA lesions in nucleosomes.
Lesion processing by hNTH1 occurs without irreversible nucleosome disruption. To
determine if lesion processing by hNTH1 is accompanied by nucleosome disruption, we
incubated thymine glycol-containing Tg-51 nucleosomes with a molar excess of hNTH1,
and then electrophoretically separated free enzyme from nucleosomes. Increasing
concentrations of hNTH1 led to increasing amounts of super-shifted complexes that
formed with both Tg-51 nucleosomes and their corresponding naked DNAs (Lanes 2-4
and 10-12 in Ch2-Figure 5A). The fraction of nucleosomes that formed supershifted
complexes in the presence of 14 nM hNTH1 remained relatively constant (at ~11%) over
a 6 to 24 minute range of incubation times, even as the amount of lesion processed in the
Tg-51 nucleosome increased to nearly 50% (Ch2-Figure 5A, lanes 6-8). At no point did
we observe the accumulation of free, naked DNA. This result indicated that hNTH1 can
act on lesions without causing or requiring irreversible nucleosome disruption. These
results also suggested that lesion-processing occurs within the supershifted complex, and
that once processing is complete the enzyme is free to dissociate. To further test this idea,
nucleosomes and supershifted complexes were electrophoretically fractionated as before,
and the DNA from these complexes was released and electrophoresed into a second
dimension, sequencing gel. Ch2-Figure 5B shows that hNTH1-processed DNA was
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present in both the supershifted and nucleosomal particles, which provided further
evidence that lesion processing can indeed take place in the hNTH1-nucleosome
complex.

Inward-facing lesions become amenable to repair by hNTH1 at high hNTH1
concentrations. While hNTH1 efficiently cleaved the outward-facing Tg residue in
nucleosome Tg-51, steric considerations suggested that hNTH1 would be far less active
toward the inward-facing Tg in nucleosome Tg-46. This proved true in substrate excess
reactions where the concentration of active hNTH1 was approximately 0.4 nM, but much
less so as hNTH1 concentrations were increased to near physiological levels (Ch2Figure 6A and data not shown). Specifically, the concentration of hNTH1 in the nucleus
has been estimated to be ~2.3 µM (Liu et al., 2003). To investigate the effect of similarly
high concentrations of hNTH1 on repair of nucleosomal lesions, we incubated Tg-51 and
Tg-46 nucleosomes and their corresponding naked DNAs for 30 min with increasing
concentrations of hNTH1. As in the substrate excess experiments described above, the
outward-facing Tg-51 lesion was processed nearly as efficiently as seen for lesions in
naked DNA (Ch2-Figure 6A). At a relatively low (10 nM) hNTH1 concentration,
processing of the inward-facing Tg-46 lesion was about ten-fold reduced relative to
naked DNA. However with increasing concentrations of hNTH1, the amount of inwardfacing lesion processed progressively increased, reaching ~48% cleavage relative to
naked DNA at the maximum enzyme concentration tested (800 nM total enzyme; Ch2Figure 6A). This result was consistent with the hypothesis that processing of inward-
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facing lesions requires partial unwrapping of DNA from the histone octamer core, and
that high concentrations of hNTH1 are required for efficient binding in the brief interval
during which DNA unwrapping exposes the target lesion (Polach & Widom, 1995;
Protacio et al., 1997; Geraghty et al., 1998; Li & Widom, 2004; Li et al., 2005; Tomschik
et al., 2005).

The above-described DNA unwrapping hypothesis predicted that the frequency or
duration of exposure of inward-facing lesions would be lower for lesions near the center
of the nucleosome than for lesions near the nucleosome edge. To test this, we constructed
nucleosomes carrying a single, inward or outward-facing thymine glycol, located closer
to the dyad axis of the nucleosome (nucleosomes Tg-26 and Tg-22, respectively). Ch2Figure 6B shows that the inward-facing Tg-26 lesion was processed only about 22% as
efficiently as the naked DNA at the highest concentration of enzyme tested, as compared
to ~48% for the inward-facing Tg-46 lesion, which is located 20 bp closer to the
nucleosome edge. This result supported the unwrapping hypothesis.

In nucleosome Tg-22, the thymine glycol lesions was even closer to the dyad axis but its
minor groove faced outward from the histone octamer, and proved to be somewhat more
accessible to hNTH1 than the lesion in nucleosome Tg-26, as would be expected if
hNTH1 were able to bind directly to the Tg-22 lesion. It is important to note, however,
the Tg-22 lesion was far less accessible than outward-facing lesion in nucleosome Tg-51,
with excision of the Tg-22 lesion reduced about 3-fold relative to naked DNA at the

175

highest concentration tested (Ch2-Figure 6B). Because the lesions in nucleosomes Tg-22
and Tg-51 are separated by just 29 bp (i.e. < 3.0 helical turns), the reduced cleavage of
the Tg-22 lesion might be due to both a suboptimal helical orientation and its more
central location in the nucleosome.

Excision of sterically-occluded, inward-facing lesions by hNTH1 does not require
nucleosome disruption. As was the case for nucleosomes with relatively accessible
lesions, the processing of sterically-occluded lesions occurred without generating naked
DNA (Ch2-Figure 7). However, we were unable to detect a discrete, supershifted
complex when nucleosomes with inward-facing lesions were incubated with up to 43 nM
hNTH1 at 37°C (not shown). To enhance our ability to detect such complexes we
repeated these studies using increased hNTH1 concentrations. We also reduced hNTH1
reaction temperatures from 37°C to 25°C, reasoning that this would reduce turnover of
the hNTH1-nucleosome and hNTH1-DNA complexes, making them easier to detect.
Ch2-Figure 7A shows that Tg-51 nucleosomes with outward-facing lesions readily
formed supershifted complexes when incubated with the same high amounts of hNTH1
used in Ch2-Figure 6, and that higher amounts of the supershifted complexes formed
when hNTH1 was incubated with nucleosomes at 25°C rather than at 37°C. As before,
addition of enzyme did not lead to the release of naked DNA, indicating that processing
occurred without irreversible disruption of nucleosomes. As shown in Ch2-Figure 7B,
incubation of the Tg-46 nucleosome with 200 or 800 nM concentrations of hNTH1
produced a supershifted complex similar to the complex that formed with the Tg-51
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nucleosome at lower hNTH1 concentrations. Importantly, however, at the highest
enzyme concentration tested, a supershifted complex also formed with a lesion-free
nucleosome (Ch2-Figure 7C). This result is in accord with the observation that
incubation of the Tg-51 and Tg-46 naked DNA substrates with 800 nM hNTH1 at 25°C
produced not just the complex that probably reflects direct binding of thymine glycol by
hNTH1 but also a slower-moving complex that might reflect non-specific binding to the
same DNA fragment (c.f. right-most lanes in Ch2-Figure 7A and 7B). Given these
results, it is risky to conclude that the hNTH1 complex that forms with nucleosomes
containing inward-facing lesions is lesion-specific. The problem, however, has little to do
with differences in lesion-specific and non-specific binding constants, since a comparison
of hNTH1 binding to naked DNA indicates a high degree of specificity for thymine
glycol-containing DNA (compare lanes 6-10 in Ch2-Figure 7A and 7B to the equivalent
lanes in Ch2-Figure 7C). Rather, we think that the problem in distinguishing between
lesion-specific and non-specific complexes is that hNTH1 binding to inward-facing
lesions is limited by the frequency and duration of transient unwrapping of DNA from the
histone octamer, and the capacity of hNTH1 to capture the lesion during episodes of
unwrapping (see (Li et al., 2005) for a general discussion). The matter is further
complicated by the dimerization of hNTH1 at high concentrations (which appears to
enhance hNTH1 turnover; (Liu et al., 2003)), and the fact that the supershifted complexes
are quasi-stable intermediates rather than stable, end-point complexes, and as such
provide only an indirect measure of enzyme binding affinities. Although there is not
enough information to evaluate the contribution of each of these variables, our data
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strongly support the basic conclusion from these studies, that transient DNA unwrapping
facilitates the first step in BER of sterically-occluded lesions.
DISCUSSION
Efficiency of base excision repair of lesions in nucleosomes varies with the lesion’s
helical and translational position relative to the histone octamer. This study has
investigated the ability of the bifunctional DNA glycosylase hNTH1 to process thymine
glycol lesions at discrete sites in model nucleosomes. We show that the efficiency of
cleavage of an outward-facing thymine glycol residue located approximately 20 NT in
from the nucleosome edge (Tg-51) was nearly as high as that observed for naked DNA,
and substantially higher than it was for an inward-facing lesion located just 5 NT further
in from the nucleosome edge (Tg-46). Cleavage of an inward-facing thymine glycol
residue positioned closer to the dyad axis (Tg-26) was much reduced compared to that
observed for an inward-facing residue closer to the edge of the nucleosome (Tg-46),
consistent with the hypothesis that access to sterically occluded lesions is facilitated by
spontaneous transient, partial unwrapping of DNA from the edge of the histone octamer,
as depicted in the right half of Ch2-Figure 8. In addition, cleavage of inward-facing
lesions increased significantly as a function of enzyme concentration. These observations
suggest that lesions within partially unwrapped nucleosomal DNA can be captured by
hNTH1, thereby driving an increasing fraction of lesion-containing nucleosomes into a
partially unwrapped state.
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Of the two nucleosomes in which the minor groove of the thymine glycol faced outward
from the histone octamer, only one (Tg-51) was processed with an efficiency
approaching that seen for naked DNA. The lesion in the second of these two nucleosomes
(Tg-22) was ~2.9 helical turns (i.e. 29 bp) closer to the dyad axis of the nucleosome.
Hence, while the reduced processing efficiency of the Tg-22 lesion may be due partly to
its more dyad-proximal position, the highly efficient processing of the Tg-51 lesion may
be an exceptional case. In other words, there may be only a small number of sites in
nucleosomes where a lesion’s helical orientation would permit direct binding by hNTH1.
If correct, this means that access to most lesions in nucleosomes will depend on transient
partial unwrapping of nucleosomal DNA (or on nucleosome remodeling agents, as
discussed below).

Regardless of lesion orientation, processing by hNTH1 did not result in irreversible
nucleosome disruption (as defined by release of DNA from pre-formed nucleosomes in a
gel mobility shift assay). Instead, addition of hNTH1 to a nucleosome with a relatively
accessible (outward-facing) lesion revealed a super-shifted complex that contained
partially processed DNA. This result suggested that processing occurs in an enzymenucleosome ternary complex, as depicted in the left half of Ch2-Figure 8. (Although we
think this inference is the most straightforward, we have yet to definitively rule out
alternative interpretations. For example, enzyme processing might occur in a complex
that is too short-lived to readily detect, and that the supershifted complex reflects the rebinding of hNTH1 to already-processed DNA.)
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As indicated in the Introduction, both Nilsen et al. (Nilsen et al., 2002) and Smerdon and
colleagues (Beard et al., 2003) investigated the capacity of monofunctional DNA
glycosylases to excise uracil residues from positioned nucleosomes in vitro. Differences
in how these groups calculated reaction rates make it difficult to compare their initial
velocity data with ours. Hence, for comparative purposes, we focused on the extent of
cleavage observed within a standard time frame. Specifically, we measured cleavage
extents in 30 min reactions where the concentration of active hNTH1 exceeded the total
lesion concentration (and equaled or exceeded the apparent KM of hNTH1 for naked
DNA; data not shown). At 10 nM hNTH1, the cleavage extents observed for inwardfacing lesions in nucleosomes Tg-46 and Tg-26 were, respectively, approximately 10and 13-fold reduced relative to their corresponding naked DNAs. The cleavage extents
observed for the outward-facing lesions in nucleosome Tg-51 and Tg-22 were,
respectively, approximately 1.5- and six-fold reduced relative to their corresponding
naked DNAs. Beard et al. (Beard et al., 2003) observed a ~10-fold suppression in the
capacity of the monofunctional DNA glycosylase UDG to excise an inward-facing uracil
residue near the dyad axis (i.e. center) of the nucleosome, compared to a ~3-fold
reduction for the excision of an outward-facing uracil residue, also close to the dyad axis.
Thus, while our results differed in magnitude from those of Smerdon and colleagues, we
both observed differences in the extent of suppression as a function of helical orientation.
The levels of activity reported by Smerdon and colleagues (Beard et al., 2003) were
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generally higher than we observed, probably because of the inclusion of APE1, which
was not used in the studies reported here.

The above described sensitivity to the helical orientation of a target lesion or uracil
residue is in accord with expected steric constraints imposed by the histone octamer.
Hence, it was surprising that Nilsen et al. (Nilsen et al., 2002) reported virtually no
difference in the capacity of UNG2 to excise differently oriented uracil residues from
nucleosomes (i.e. the authors reported 3- and 9-fold reductions in activity of UNG2 and
SMUG1, respectively, toward nucleosomes carrying a single uracil (U:A) when
compared with corresponding naked DNA). The explanation for these different results
cannot be due to DNA sequence differences since we used the same 5S rDNApositioning element as Nilsen et al. (Nilsen et al., 2002). These differences are also
unlikely to be to due to our use of thymine glycol rather than uracil since, in our hands,
the efficiency of removal of uracil by E. coli Udg is even more sensitive to rotational
context than is processing of thymine glycol residues by hNTH1 (Prasad, Wallace and
Pederson, in preparation). Control experiments also indicated that differences between
our results and those of Nilsen et al. are not due to the presence or absence of Mg++ and
ATP in enzyme reaction buffers (data not shown). As shown in Ch2-Figure 6 and
discussed below, differences due to helical orientation were diminished in reactions
containing very high enzyme concentrations. Beard et al. (Beard et al., 2003) also noted
that, at high concentrations of UDG and APE, the efficiency of processing of both
outward- and inward-facing uracil residues approached that observed for naked DNA.
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Transient, partial unwrapping of DNA from the histone octamer enables hNTH1 to
process sterically occluded lesions. Nucleosomes have been shown to be
conformationally dynamic in vitro, with spontaneous partial unwrapping of nucleosomal
DNA transiently exposing otherwise buried DNA sites (Anderson & Widom, 2000;
Anderson et al., 2002; Li & Widom, 2004; Li et al., 2005). In vivo competition studies
suggested that partial unwrapping of nucleosomal DNA may also facilitate binding of
certain transcription factors to their cognate sequences in cells (Geraghty et al., 1998).
Generally, and also in the case of initiation of BER by hNTH1, we hypothesize that
access to an inward-facing lesion requires partial unwrapping of the DNA from the
histone octamer core. Since DNA unwrapping would begin at the nucleosome edge, an
inward-facing lesion close to the nucleosome dyad would be less accessible to repair than
an inward-facing lesion closer to the edge. Consistent with this prediction, we found
much less cleavage of the Tg-26 (closer to the dyad) lesion when compared to the Tg-46
(closer to the edge) on the nucleosome. These results are reminiscent of the observation
that the glucocorticoid receptor was able to bind (albeit inefficiently) to its target (GRE)
sequence in DNA even when key determinants in the GRE faced into the histone
octamer, provided the GRE was located ~40 bp away from the dyad axis; no binding
occurred to a similarly oriented GRE near the dyad axis of the nucleosome (Li &
Wrange, 1995). Our results also are in accord with ‘relative site exposure’ measurements
by Widom and colleagues, who found that access to sites in nucleosomal DNA decreased
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progressively from the edge of the nucleosome toward the dyad (Polach & Widom, 1995;
Anderson & Widom, 2000).

The transient DNA unwrapping hypothesis predicts that the concentration of inwardfacing lesions available for hNTH1 binding is much less than the total lesion
concentration and, accordingly, that efficient binding of such lesions will require much
higher amounts of enzyme than for binding to lesions in naked DNA. Consistent with this
prediction, we found that hNTH1 cleaved progressively more of the inward-facing lesion
in nucleosome Tg-46 as a function of enzyme concentration, reaching ~50% of the
cleavage seen on naked DNA at 200-800 nM hNTH1; such concentrations appear
physiologically relevant in that hNTH1 concentrations in the nucleus are estimated to be
~2.3 µM (~0.65 µM in the cytosol; (Liu et al., 2003)). While elevated concentrations that
promote hNTH1 dimerization may have contributed to this increase in cleavage
efficiency (Liu et al., 2003), the increase was far more substantial for inward-facing than
for outward-facing lesions. This suggests that the principal mechanism for the increase in
cleavage of the inward-facing lesion at high hNTH1 concentrations, is enhanced
efficiency of lesion capturing that drives the equilibrium toward the partially unwrapped
state, as proposed Widom and colleagues (Li & Widom, 2004; Li et al., 2005).

In summary, hNTH1 can carry out the first step in BER in nucleosomes without inducing
irreversible nucleosome disruption. While processing of an outward-facing lesion
positioned within 2-3 helical turns of the nucleosome edge occurred without the aid of
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any other accessory BER factor, differently oriented lesions and lesions closer to the dyad
axis were cleaved less efficiently. Thus we suspect that lesion processing in vivo requires
both BER accessory proteins and nucleosome remodeling and or modifying factors. Our
present study has established a reliable model system that will enable us to investigate
factors that ensure efficient BER in cells.
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FIGURE LEGENDS
Ch2-Figure 1. Sequence of the 5S rDNA-containing fragment used to assemble
lesion-containing positioned nucleosomes. The sequence is numbered from the first
base of a Kpn I site that marks one end of the DNA used for reconstitution of lesioncontaining nucleosomes. Diamonds indicate sites of DNase I cleavage within the
reconstituted nucleosome, based on data from gels such as those shown in Ch2-Figure
2C and 3A. The cleavage sites occur in clusters, indicated by numbers –7, -6, ... 0, ... +6
and +7, where 0 denotes the inferred center (dyad axis) of the nucleosome. These clusters
are spaced at roughly 10 bp intervals, indicative of a rotationally positioned nucleosome.
Half-brackets indicate nucleosome boundaries that were also inferred from the DNase I
data and from earlier studies by Simpson and colleagues (Simpson & Stafford, 1983).
Circled bases indicate sites of substitution by thymine glycol to form nucleosomes Tg-51,
Tg-46, Tg-26, and Tg-22, where the numbers in each name refer to the approximate
distance between the thymine glycol and the dyad axis, and where “in” and “out” refer to
the approximate orientation of the lesion’s minor groove relative to the histone octamer.

Ch2-Figure 2. Analyses of donor chromatin and reconstituted nucleosomes. (A)
DNA and total protein from size-fractionated donor chromatin were assayed by
electrophoresis through 1.4% agarose and 20% SDS gels, respectively. The oligomeric
series of DNA fragments (denoted by numbers on the right of the gel in the upper panel)
is the characteristic result of partial MNase cleavage used to release chromatin from
nuclei. The lower panel shows intact core histones free of linker histones and other
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proteins in the column fractions 13-19 that were pooled for reconstitutions. (B). Gelmobility shift analyses illustrating efficient nucleosome-assembly, using fixed amounts of
donor chromatin and varying amounts of labeled recipient DNA. The mobility of the
reconstituted nucleosomes is similar to that of ethidium bromide-stained
mononucleosomes in the donor chromatin population (data not shown). (C).
Reconstituted nucleosomes and naked DNA controls (lanes marked “D”) were treated
with DNase I for varying times (c.f. Methods), and DNA cleavage products were
fractionated on 8% sequencing gels. Cleavage sites in the bottom (171 nt) strand of the
reconstituted nucleosomes and naked DNA controls were visualized and mapped in
relation to a 32P end-label at an Eco RI site that is located 12 bp upstream of the Kpn I
site (c.f. Ch2-Figure 1). Cleavage sites in the top (177 nt) strand were visualized and
mapped in relation to a 32P end-label at a Hind III site (position 179 in Ch2-Figure 1).
Diamonds denote sites of cleavage in the nucleosome while lines indicate regions that
were protected from cleavage in the nucleosome. Lanes marked “M” contain Msp Idigested, Klenow end-labeled pBR322 DNA digested with Msp I. Numbers adjacent to
the marker fragments correspond to the labeling scheme in Ch2-Figure 1.

Ch2-Figure 3. Helical and translational positioning of lesion-containing
nucleosomes. (A) Uniquely end-labeled Tg-46 and Tg-51 nucleosomes and their
corresponding naked DNAs were incubated with DNase I, and their cleavage products
fractionated on 8% sequencing gels, as described in the Methods. Diamonds denote bands
that make up the regularly spaced cleavage maxima in nucleosomes; intervening,
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nuclease-protected DNA segments that are vulnerable to DNase I cleavage in naked DNA
are indicated by vertical lines. Asterisks denote the positions of thymine glycol residues.
Size markers in lanes marked “M” have again been numbered to match the numbering
scheme in Ch2-Figure 1. (B) Restriction enzyme sites used to map the translational
position(s) of nucleosomes containing thymine glycol lesions (denoted by asterisks).
Percentages within each parenthesis report the fraction of nucleosomal DNA cleaved
relative to naked DNA by a given enzyme, calculated from data shown in Ch2-Figure
3C. The predominant translational position is indicated by a solid line ellipse while two
probable minor translational variants are depicted by dashed ellipses. In nucleosome Tg51, the thymine glycol lesion would lie outside the nucleosome only in translational
variants that block digestion by Pst 1; such variants represent at most ~8% of the total
Tg-51 population. (C) Uniquely end-labeled nucleosomes containing inward- and
outward-facing lesions (nucleosomes Tg-46 and Tg-51, respectively) and their
corresponding naked DNAs (lanes marked “N” and “D”, respectively) were incubated
with restriction enzymes, as described in the Methods. To allow for adequate resolution
of substrate and product bands, DNA fragments produced by Bam HI, Psi I, Dra I and
Age I were separated on 12% sequencing gels while the Eco RV and Pst I products were
separated on 6% sequencing gels. Band intensities were quantified by phosphorimagery
and cleavage extents calculated as outlined in the Methods section entitled
“Quantification of enzyme rate data.”
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Ch2-Figure 4. Activity of hNTH1 toward thymine glycol containing nucleosomes.
(A) Tg-51 nucleosomes (minor grove of Tg facing away from the histone octamer) and
the corresponding naked DNAs were incubated for varying times at 37°C at the substrate
and active hNTH1 concentrations of approximately 0.5 nM and 0.4 nM, respectively. The
panel shows denaturing gels used to measure glycosylase-limited (bottom gel) and lyaselimited (top gel) activity of hNTH1 (see text for details). (B) The glycosylase-limited
reaction curves for the Tg-51 nucleosome (solid squares) and its corresponding naked
DNA (open squares), and the lyase-limited reaction curves for the same nucleosome
(closed diamonds) and naked DNA samples (open diamonds). Points are the average
values from three independent experiments.

Ch2-Figure 5. Gel mobility shift analyses of complexes formed by addition of
hNTH1 to lesion-containing nucleosomes and naked DNA. (A) Preformed Tg-51
nucleosomes (lanes 1-8) and the corresponding naked DNAs (lanes 9-16) were incubated
with increasing concentrations of hNTH1 (lanes 1-4 and 9-12) or with 14 nM hNTH1 for
increasing time periods (lanes 6-8 and 14-16) at 37°C. Arrowheads indicate naked DNA
(DNA), nucleosomes (NUC), and complexes that form upon addition of hNTH1
(hNTH1-NUC and hNTH1-DNA). The percent substrate processed by the hNTH1
glycosylase with increasing time is provided. Note the absence of any increase in naked
DNA amounts even after hNTH1 has processed nearly half of the lesion-containing
nucleosomes (lane 8). (B) Nucleosomes were incubated with 200 or 800 nM hNTH1 for
30 min at 25°C, and the resulting complexes were fractionated as above. The unfixed wet

195

gels were exposed to X-ray film, and gel strips containing the fractionated complexes
were excised, incubated at 50°C for one hour in 0.1% SDS, 12.5 mM HNa3EDTA and
100 ug/ml proteinase K, boiled for ~5 min in 0.1 N NaOH, soaked in formamide load
buffer, and loaded onto a second dimension, 8% sequencing gel. In the Figure, the first
and second dimension gels were aligned to show the path of migration into the second
dimension gel and that hNTH1-processed DNA was present in both the supershifted and
nucleosomal particles. “S” denotes unprocessed DNA while “Pβ” and “Pδ” denote the β
and δ elimination products produced, respectively, by hNTH1 and the NaOH treatment.

Ch2-Figure 6. Increasing concentrations of hNTH1 increases the capacity of hNTH1
to process sterically occluded lesions. The glycosylase-limited activity of hNTH1
toward Tg-51, Tg-46, Tg-22 and Tg-26 nucleosomal and naked DNA substrates was
measured as a function of enzyme concentration. (A) The activity of hNTH1 toward Tg51 and Tg-46 nucleosomes (solid squares and diamonds, respectively) are compared with
activity toward Tg-51 and Tg-46 naked DNAs (open squares and diamonds,
respectively). (B) The activity of hNTH1 toward Tg-22 and Tg-26 nucleosomes (solid
circles and triangles, respectively) are compared with activity toward Tg-22 and Tg-26
naked DNAs (open circles and triangles, respectively). Based on a sign test, the
probability that curves for Tg-22 and Tg-26 are identical is <0.004 indicating that hNTH1
is indeed more active toward the outward-facing Tg-22 lesion than toward the inwardfacing Tg-26 lesion.
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Ch2-Figure 7. Gel mobility shift analyses of nucleosomes or naked DNA incubated
with high amounts hNTH1. Tg-51 and Tg-46 nucleosomes and their corresponding
naked DNAs, as well as lesion-free nucleosomes and naked DNA (“177mer”) (panels A,
B and C, respectively), were incubated at either 37°C or 25°C with increasing
concentrations of hNTH1, as indicated (except for lanes 7, 8 and 9 in the 37°C samples in
panel A, where hNTH1 concentrations were 10, 40 and 80 nM, respectively).

Ch2-Figure 8. Model of how hNTH1-mediated processing of lesions occurs in
nucleosomes. Optimally oriented lesions may be bound directly by hNTH1 with little or
no perturbation of the nucleosome (left-hand diagram). Processing of inward-facing
lesions likely requires spontaneous, partial unwrapping of DNA from the histone octamer
to allow enzyme access to lesion (right-hand diagram). High concentrations of hNTH1
may be needed to efficiently capture lesions in the transiently unwound DNA. See text
for further discussion.
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Ch2-Figure 1 Sequence of the 5S DNA-containing fragment used to assemble

lesion-containing positioned nucleosomes

Tg-51
(out)

-7

-6

Tg-46
(In)

-5

-4

Tg-26
(In)

Tg-22
(Out)

-3

-2

GGTACCGGATCCAGGGATTTATAAGCTGATGACGTCATAACATCCCTGACCCTTTAAATAGCT
CCATGGCCTAGGTCCCTAAATATTCGACTACTGCAGTATTGTAGGGACTGGGAAATTTATCGA

1

-1

64

+2

+1

0

+3

+4

TAACTTTGATCAAGCAAGAGCCTACGACCATACCATGCTGAATATACCGGTTCTCGTCCGAT
ATTGAAACTAGTTCGTTCTCGGATGCTGGTATGGTACGACTTATATGGCCAAGAGCAGGCTA

+5

+6

+7

CACCGAAGTCAAGCAGCATAGGGCTCGATATCTAGAGTCGACCTGCAGGCATGCAAGCT
GTGGCTTCAGTTCGTCGTATCCCGAGCTATAGATCTCAGCTGGACGTCCGTACGTTCGA

126
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Ch2-Figure 2 Analyses of donor chromatin and reconstituted

nucleosomes.
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Ch2-Figure 2 Helical and translational positioning of lesion-containing
nucleosomes.
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Ch2-Figure 4 Activity of hNTH1 toward thymine glycol containing

nucleosomes
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Ch2-Figure 5 Gel mobility shift analyses of complexes formed by addition of
hNTH1 to lesion-containing nucleosomes and naked DNA.
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Ch2-Figure 6 Increasing concentrations of hNTH1 increases the

capacity of hNTH1 to process sterically occluded lesions
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Ch2-Figure 7 Gel mobility shift analyses of nucleosomes or naked

DNA incubated with high amounts hNTH1.
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CHAPTER 3

Nucleosomal dynamics in processing of oxidative lesions by the bifunctional DNA
glycosylase hNTH1

Amalthiya Prasad, Joy-El Barbour, Jeffrey P. Bond, Susan S. Wallace and
David S. Pederson.
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ABSTRACT. In eukaryotes, DNA is packaged into chromatin and all DNA processes
including repair must occur in such a chromatin milieu. The base excision repair (BER)
pathway is mainly responsible for repair of most oxidative damage in the genome. We
recently determined that human endonuclease III (hNTH1), a bifunctional DNA
glycosylase that functions in the first step of BER, can remove damaged bases from
selected sites in nucleosomes in vitro without irreversibly disrupting the lesion-containing
nucleosomes. hNTH1 appeared to gain access to sterically occluded lesions during
episodes of spontaneous, transient, partial unwrapping of DNA from the histone octamer
(Prasad et al., 2007). In this paper we have tested additional, explicit predictions of the
nucleosomal DNA ‘unwrapping hypothesis.’ We find that the efficiency with which
hNTH1 processes sterically occluded lesions in nucleosomes varies with its affinity for a
particular lesion and probably also the frequency and duration of unwrapped state of
lesion-containing DNA. We also report that human apurinic nuclease (APE1), which
catalyzes the second step in BER, is also able to act on nucleosomal substrates without
irreversibly disrupting the nucleosome. As with hNTH1, APE1 appears to gain access to
sterically occluded segments in the nucleosome by ‘capturing’ target sites in DNA during
cycles of partial unwrapping of nucleosomal DNA. We suggest that in cells chromatin
remodeling enzymes amplify dynamic behaviors, such as partial unwrapping of
nucleosomal DNA, that are intrinsic to nucleosomes.
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INTRODUCTION.
Normal cellular respiration and exogenous agents such as ionizing radiation produce
reactive oxygen intermediates capable of damaging DNA. Left unrepaired, such DNA
damages can be mutagenic or cytotoxic. Most oxidative DNA damages are repaired in a
step-wise fashion by enzymes in the base excision repair (BER) pathway. Damaged bases
are first removed by DNA glycosylases that cleave the N-glycosylic linkage between the
base and its deoxyribose sugar. The resulting apurinic/apyrimidinic (AP) sites may be
cleaved by a glycosylase-associated lyase activity, leaving a blocked 3’ αβ unsaturated
aldehyde, which can then be removed by an apurinic endonuclease (APE1) leaving a
single base, repairable gap. Alternatively, APE1 may act directly on an AP site, leaving a
deoxyribose 5’phosphate residue at the 5’ terminus that in higher eukaryotes can be
removed by the deoxyribo-phosphodiesterase activity intrinsic to DNA polymerase β. In
either case, the resulting gaps are filled by DNA polymerase β, and the nick sealed by
Ligase III, in complex with XRCC1.

In eukaryotic nuclei, DNA is wrapped around histone octamers to form nucleosomes,
meaning that BER must occur in a chromatin milieu. Nucleosomes act as general
repressors inhibiting the initiation of both transcription and DNA replication by
interfering with the binding of transcription and replication initiation factors to their
respective targets in DNA (Lorch et al., 1987; Simpson, 1990). RNA polymerases are
however able to conduct transcription elongation through nucleosomes by mobilizing
histone octamers (Lorch et al., 1987). The core histone N-terminal tails have been shown
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to impede binding of transcription factors to nucleosomes and such inhibition was
relieved by acetylation or removal of the core histone N-terminal tails (Lee et al., 1993).

Nucleosomes have also been reported to impair or inhibit activity of enzymes involved in
DNA repair. The nucleotide excision repair (NER) pathway involves the concerted action
of a minimum of 14 polypeptides and 100 bp of DNA flanking the lesion suggesting
nucleosomes must be disrupted for efficient repair (Huang & Sancar, 1994). Indeed,
several studies have indicated that nucleosomes can strongly impede NER of UV-induced
6-4-photoproducts, cyclopyrimidine dimers as well as certain platinum adducts (Hara et
al., 2000; Liu & Smerdon, 2000; Kosmoski et al., 2001; Ura et al., 2001; Wang et al.,
2003; Svedruzic et al., 2005). Likewise, DNA glycosylases that function in the base
excision repair pathway are impeded by nucleosomes. Nilsen et al. found that the
removal of uracil from U:A pairs was 3-9-fold reduced on nucleosomal substrates (Nilsen
et al., 2002). Beard et al. have shown that the activity of UDG on nucleosomes
containing U:A was ~10-fold diminished compared to repair rates on corresponding
naked DNA (Beard et al., 2003). Pol β has been shown to be inhibited to varying extents
by nucleosomal substrates (Nilsen et al., 2002; Beard et al., 2003). Human ligase I
revealed a ~10-fold reduced activity at a nick positioned at the dyad center of the
nucleosomes whereas it was 4-6 fold impeded closer to the edge (Chafin et al., 2000). In
our previous study we found that the activity of the bifunctional DNA glycosylase,
hNTH1, was impeded to varying extents on the nucleosome as a function of the rotational
and translational position of the lesion (Prasad et al., 2007).
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Access to DNA packaged in nucleosomes in vivo is mediated at least in part by protein
factors that modify or remodel nucleosomes (Green & Almouzni, 2002;
Belotserkovskaya et al., 2003; Gontijo et al., 2003; Poot et al., 2004). Intrinsic
nucleosomal dynamics involving the transient, spontaneous release of nucleosomal DNA
have been shown, in addition, to facilitate access of transcription factors, repair proteins
or other DNA binding proteins, to sequences packaged in nucleosomes (Polach &
Widom, 1995; Geraghty et al., 1998; Li & Widom, 2004; Li et al., 2005; Prasad et al.,
2007). Polach and Widom conducted restriction endonuclease-based equilibrium site
exposure (keq for site exposure) measurements that reveal a progressive decrease in
accessibility of nucleosomal DNA sequences from the end toward the dyad center,
consistent with DNA unwrapping from the edge (Polach & Widom, 1995). Partial
unwrapping of nucleosomal DNA may also account for the ability of certain
exonucleases and RNA polymerases to access nucleosomal DNA and for the finding that
DNA ligase I can function efficiently on nucleosomes, despite the fact that it fully
encircles DNA (Lorch et al., 1987; Protacio et al., 1997; Studitsky et al., 1997; Chafin et
al., 2000; Pascal et al., 2004).

We reported recently that, hNTH1, a bifunctional DNA glycosylase can process thymine
glycol lesions discretely positioned on model nucleosomes (Prasad et al., 2007). The
hNTH1 reaction did not result in release of nucleosomal DNA indicating that processing
did not entail irreversible disruption of nucleosomes. Excision of a sterically occluded
lesion located closer to the nucleosome edge was reduced compared to an outward-facing
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lesion 5 bp away, but was more efficient compared to an inward-facing lesion positioned
closer to the dyad center. Notably, processing of both sterically occluded lesions
increased as a function of enzyme concentration. hNTH1 processing of lesions involved
formation of a slower migrating enzyme-nucleosome ternary complex that was found to
contain processed DNA. These observations suggested that cleavage of occluded lesions
in nucleosomes might occur via capture during periodic cycles of spontaneous partial
unwrapping of DNA from the histone octamer core. In our present study, we have tested
additional, explicit predictions of the partial DNA unwrapping hypothesis. We report that
processing of sterically occluded lesions in nucleosomes is a function of enzyme affinity
for lesion. A sterically occluded Tg is processed more efficiently compared to an
identically positioned DHU (dihydrouracil), which correlates to the higher measured
affinity constants of hNTH1 for Tg compared to DHU. Our results suggest that, enzyme
affinity for substrate as well as structural distortion induced by the lesion can influence
nucleosomal DNA unwrapping rates. Finally, we show that APE1, that functions in the
second step of BER, is able to process sterically occluded furan residues in much the
same fashion, without inducing nucleosome disruption.

MATERIALS AND METHODS.
Assembly of lesion-containing nucleosomes. A 184 bp DNA fragment, containing the
Lytechinus variegatus 5S DNA nucleosome positioning element, and with single
discretely positioned lesion was constructed as outlined in Prasad et al. 2007 (Prasad et
al., 2007) and used for the reconstitution of nucleosomes. Specifically, a single-stranded
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183 mer containing the antisense 5S DNA sequence was obtained by restriction digestion
(Kpn I and Hind III) of a pBS plasmid construct into which the Lytechinus variegatus 5S
DNA has been cloned (pBS-5SLv), followed by gel extraction away from the 175 mer
complementary strand. Partially complimentary DNA oligomers containing a single
discretely positioned lesion [thymine glycol (Tg), dihydrouracil (DHU) or furan (F)] at
the –46 or –51 position (represent distance from the predicted dyad center of nucleosomal
constructs), were 5’ end-labeled using γ-32P ATP and PNK (NEB) and annealed to the ss
183 mer. The lesion-containing oligos anneal with the 183 mer template leaving a one
nucleotide overhang at the 5’ end (that anneals with 3’ end of ss 183mer) so that
extension using Klenow exo- enzyme results in a 184 mer recipient DNA.

Chicken erythrocyte core histones were prepared using modifications of standard
protocols and used in a ~250-fold mass excess over recipient DNA for the reconstitution
of nucleosomes by the high salt-mediated octamer transfer method, as described earlier
(Prasad et al., 2007). Reconstitution efficiency was monitored by electrophoresis through
native 4% polyacrylamide gels (in 45 mM Tris base, 45 mM boric acid, 1 mM EDTA).
Gels were fixed in 10% acetic acid and 20% methanol, dried, and the backgroundadjusted counts in the nucleosome and naked DNA bands were quantified by
phosphorimagery (Bio Rad Molecular Imaging System GS-525 at the Vermont Cancer
Center DNA analysis facility). Reconstitution efficiencies, calculated as [nucleosome
counts / (counts in naked DNA plus nucleosome)] (after correction for background),
generally exceeded 90%. All nucleosomal and naked DNA assays were performed in the
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final nucleosomal buffer conditions (buffer E100) 25 mM HEPES, 1 mM EDTA, 100
mM NaCl, 0.05% NP-40, pH 8.0. All naked DNA reactions were done in the presence of
equivalent amounts of added donor chromatin to simulate nucleosomal buffer conditions.

Restriction protection assays. Reactions were carried out in nucleosomal buffer E100
made to 10 mM MgCl2. Lesion-containing nucleosomes or corresponding naked DNA
substrates were treated with a nominal ~50-fold excess of a given restriction
endonuclease in the presence or absence of ~50 nM active hNTH1, at 37°C for an hour.
Reactions were stopped with formamide load buffer, fractionated on sequencing gels and
quantified by phosphorimagery using the Bio Rad Molecular Imaging System (GS-525)
at the Vermont Cancer Center DNA analysis facility. The percent cleaved by a given
restriction endonuclease in a reaction containing hNTH1, was determined by dividing the
background-corrected cpms in the restriction product band by the sum of cpms in the
uncleaved substrate, hNTH1 product band and the restriction endonuclease product band.
The percent cleaved by hNTH1 in these reactions was calculated similarly. The cleavage
extents determined on nucleosomal substrates were corrected for cleavage contributed by
the small amount of contaminating naked DNA in the nucleosomal preparations, to
obtain true nucleosomal cleavage extents, as described below.

Glycosylase assays and quantification of nucleosomal data. Lesion-containing
nucleosomes or corresponding naked DNA were incubated with full-length or Δ55
hNTH1 at increasing enzyme concentrations as indicated in the figure legends. Reactions
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were performed in the nucleosomal buffer E100 at 37°C for time periods indicated.
Equivalent donor chromatin was added to naked DNA reactions just before addition of
enzyme. Reactions were stopped with 0.1 N NaOH, boiled for 3 mins, mixed with equal
volume of 2X formamide loading buffer and loaded onto 8% sequencing gels. Gels were
fixed, dried, and substrate and reaction products quantified by phosphorimagery using the
Bio Rad Molecular Imaging System (GS-525) at the Vermont Cancer Center DNA
analysis facility. Using background-corrected phosphorimagery data, we first determined
the percent substrate cleaved in naked DNA reactions at time t. Specifically, naked DNA
cleaved at time t (Dt) = cpms in product band / (cpms in substrate + product bands). The
true cleavage extent on nucleosomal substrates was calculated from the apparent
nucleosome substrate cleaved (determined as for naked DNA), corrected for product
generated from the small amounts of contaminating naked DNA in our nucleosomal
preparations, as given below.
(N-truet) = [N-apparentt – (fxn DNA in nuc.x Dt)] / [1 – fxn DNA in nuc],
where (N-truet) and (N-apparentt) are the true and apparent reaction extents, respectively,
for the nucleosome sample at time t, Dt is the true reaction extent for the naked sample at
time t, and [fxn DNA in nuc] is equal to 1 minus the nucleosome reconstitution
efficiency, measured as described above. Data from experiments where reconstitution
efficiencies varied from 85-95%, when corrected in this fashion, gave essentially
identical results. Glycosylase assay data were plotted as hyperbolic curves using software
from Graph pad (Prism). As seen in Figs 1A, 2B and 2C, the maximum cleavable Tg-46
naked DNA substrate was found to not exceed ~60%, which is likely due to
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contamination with the non-preferred 5S stereoisomer of Tg. hNTH1 has a preference of
13:1 for the 5R over the 5S stereoisomer of Tg (Katafuchi et al., 2004). Indeed, EcNei
that does not display a strong preference for either stereoisomer of Tg was able to cleave
the Tg-46 naked DNA substrate to completion (data not shown). It is likely that this
stereoisomer preference of hNTH1 will also influence lesion processing on the
nucleosome. Hence, the cleavage extents observed on the Tg-46 nucleosomal substrate
and consequently, the observable differences between the Tg-46 and DHU-46
nucleosomal substrates are likely underestimated.

To determine Δ55 hNTH1 affinity for Tg vs DHU lesions (Ch3-Figure 2A), we
performed glycosylase assays with the naked DNA substrates in E100 buffer in the
presence of donor chromatin, to obtain enzyme affinity data in the context of
nucleosomal buffer conditions. Tg or DHU naked DNA substrates were incubated with
1.9, 7.6, 15.2, 76 or 152 nM (active) Δ55 hNTH1, at 37°C for 0, 10, 30, 60, 180 or 600
sec (data not shown). Reactions were stopped with 0.1N NaOH, boiled for 3 mins and
fractionated on 8% sequencing gels. Gels were fixed, dried, and substrate and product
bands quantified by phosphorimagery (Bio Rad Molecular Imaging System GS-525). The
substrate remaining as a function of time was plotted as single exponential decay curves,
using software from Graph Pad (Prism). The rate data obtained from each of the decay
curves was plotted against enzyme concentration as hyperbolic curves as shown in Ch3Figure 2A. The enzyme concentrations indicated in the figures represent active enzyme
amounts.
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APE1 assays. Nucleosomal constructs containing furan (AP site analogues) lesions
positioned at either the –46 (facing in) or –51 (facing out) positions, or corresponding
naked DNA substrates, were incubated with APE1 (NEB) at enzyme and substrate
concentrations as indicated in the figure legend. Reactions were conducted in
nucleosomal buffer E100 with equivalent amounts of donor chromatin added to naked
DNA reactions. Reactions were stopped by plunging aliquots into formamide loading
buffer at 2, 6, 20 or 60 min. An aliquot with only buffer (no enzyme) added served as a 0
min control. Samples were boiled and loaded onto 8% sequencing gels and quantified by
phosphorimagery. The extents of cleavage on nucleosomal and naked DNA substrates
were calculated as described above and data were plotted as hyperbolic curves using
software from Graph Pad (Prism).

RESULTS.
We have demonstrated in our previous study that hNTH1-mediated processing of
sterically occluded lesions improves with increasing concentrations of hNTH1, consistent
with capture of lesion during episodes of partial unwrapping. Ch3-Figure 1A
recapitulates our previous observations with a pair of Tg lesions positioned toward or
away from the histone octamer core (Tg-46 and Tg-51, respectively) and ~20-25 bp from
the nucleosome edge. As observed earlier, the Tg-51 lesion positioned with its minor
groove facing away from the histone octamer was cleaved almost as efficiently as its
corresponding naked DNA. The extent of cleavage of the inward-facing Tg-46 lesion was
at least 10-fold reduced compared to its naked DNA at the lowest enzyme concentration
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tested (~ 1 nM hNTH1) and was found to increase with enzyme concentration reaching
levels three-fold decreased compared to naked DNA, at the highest concentration tested
(~100 nM enzyme). The increase in lesion processing with enzyme concentration and the
absence of discernable disruption of nucleosomes in reactions at such hNTH1
concentrations, are consistent with enzyme capture of lesions during episodes of partial
unwrapping (Ch3-Figure 1A and (Prasad et al., 2007)). In this study, we have tested
predictions that are consistent with and follow from the unwrapping hypothesis. In order
to rule out nucleosome translocation or sliding as a mechanism of enzyme access to
lesions in our assays, we performed restriction endonuclease protection assays.

Increased processing of nucleosomal lesions at higher concentrations of hNTH1 is
not associated with nucleosome translocation. Nucleosomes containing either Tg-51
(facing out) or Tg-46 (facing in), and their respective naked DNA, were incubated with
restriction endonucleases with recognition sites along the length of the nucleosomal DNA
as indicated in Ch3-Figure 1B, in the presence or absence of hNTH1 as described in the
Methods. We stopped all reactions with formamide load buffer so that any cleavage of
the DNA backbone at the lesion site would be restricted to hNTH1 lyase-mediated
cleavage, which is 5-7 fold reduced compared to its glycosylase activity. DNA from the
reactions were run on denaturing gels as shown in Ch3-Figure 1C and D. The percent
nucleosome cleaved by the restriction endonuclease or by hNTH1 was calculated as
described in the figure legend and corrected for the small amounts of contaminating
naked DNA in the nucleosomal preparations. The predominant translational position of
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lesion containing nucleosomes was found to span the Bam HI to the Xba I sites as
indicated in this and previous restriction endonuclease protection studies (Prasad et al.,
2007)). A translational shift of the histone octamer during hNTH1 processing can hence
be detected from changes in the protection pattern of the Bam HI and Xba I sites as well
as the Psi I and Pst I sites located close to the nucleosome edges (see restriction map in
Ch3-Figure 1B). In the absence of hNTH1, the Psi I recognition site (12 bp 3’ of the
Bam HI site, and 14 bp upstream of the Tg-46 lesion), is largely protected in the
nucleosome, as revealed from reduced (~7%) cleavage extents (lane 4 in top panel Ch3Figure 1C). In addition, the Pst I site located 12 bp downstream from the Xba I site and
the nucleosome edge was mostly accessible (~87% cleavage; see lane 11 top panel in
Ch3-Figure 1C) indicating that a minority of nucleosomes might be shifted to occupy
this alternate translational position. Thus, any hNTH1-induced translational shift leading
to exposure of the Tg-46 lesion will be accompanied by loss of protection at the Bam HI
and Psi I sites and simultaneous decrease in cleavage at the Xba I and probably the Pst I
sites. As shown in Ch3-Figure 1C, the extents of cleavage at the Bam HI and the Psi I
sites in the Tg-46 nucleosome remain largely unaltered in the presence of hNTH1 (Ch3Figure 1C top panel - compare lanes 2 and 4 with 3 and 5). Cleavage at the Xba I and Pst
I sites were also unchanged in the presence of hNTH1 (Ch3-Figure 1C top panel; lanes 9
– 12). This is indicative that hNTH1 processing of the Tg-46 lesion does not involve
nucleosome translocation and is consistent with a mechanism of site exposure via partial
unwrapping.
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The low levels of hNTH1 lyase activity on the sterically occluded Tg-46 lesion did not
interfere with analyses of restriction cleavage even at sites downstream of the lesion,
where the product of hNTH1 cleavage taking the 5’32P label would otherwise make
restriction protection at sites downstream of the lesion, impossible to interpret. A similar
assay performed with the Tg-51-containing nucleosome, also revealed absence of
nucleosome translocation in hNTH1 reactions, as indicated by unaltered levels of
protection at the Bam HI and Psi I sites in the presence versus absence of hNTH1 (see
lanes 1-4 in Ch3-Figure 1D top panel). Restriction protection at the Xba I and Pst I sites
could however, not be interpreted in this assay due to efficient hNTH1 cleavage of the
outward-facing Tg-51 lesion (and the concomitant loss of 5’ 32P label) making
quantification of these restriction cleavage products difficult. The Tg-51 nucleosome was
found to also occupy a minor translational position where the Psi I site (located 9 bp 5’ of
the Tg-51 lesion) was located closer to the nucleosome edge as indicated by ~17%
cleavage at this site (see lane 3 in Ch3-Figure 1D top panel). Importantly however, the
major proportion of lesion in Tg-51 nucleosomes is protected within the nucleosome. The
near naked DNA levels of cleavage observed on this nucleosomal construct far exceeds
the proportion of nucleosomes in this alternate translational position hence reflective of
the behavior of major proportion of nucleosomes where lesion is protected.

Processing of sterically occluded lesions improves with enzyme affinity for lesion.
We next predicted that capture and processing of a sterically occluded lesion on the
nucleosome would improve with enzyme affinity for the lesion. We used Tg and DHU-
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containing nucleosomes to test this hypothesis. Observations made initially from
unrelated assays, and systematic studies using the wild type hNTH1 and Tg or DHUcontaining naked DNA substrates revealed differing kinetics for cleavage of the two
lesions with Tg being a more preferred substrate (data not shown). These studies with
wild type hNTH1 revealed non-Michaelis Menten kinetics with non-linear increase in
product formation at higher concentrations of enzyme. This observation was consistent
with previous reports of cooperativity in product formation at hNTH1 concentrations that
favor dimerization (>100 nM total enzyme)(Liu et al., 2003). In addition, Teebor and
colleagues have reported on the non-Michaelis Menten behavior of hNTH1 seen with all
substrates tested, where the kcat was found to increase as a function of enzyme
concentration making any estimates of KM non-meaningful (Marenstein et al., 2001). In
addition, truncation of the hNTH1 N-terminal tail implicated in such dimerization has
been shown to enhance turnover while diminishing the dimerization potential. We thus
performed assays to determine affinity constants for the Tg vs DHU lesions using the Nterminally truncated Δ55 hNTH1, and lesion-containing nucleosome-length DNA, as
indicated in the Methods. As seen in Ch3-Figure 2A, Δ55 hNTH1 still displays residual
cooperativity that is more pronounced on the DHU substrate. Under the experimental
conditions in Ch3-Figure 2A, the observable differences in cleavage dynamics of Tg
versus DHU yielded quasi Kd estimates of ~10 nM for Tg and ~50 nM for DHU
indicating differences in enzyme affinity with Tg being the more preferred lesion. In
addition, a ~ 2-3 fold higher kcat was observed for the Tg compared to the DHU lesion as
seen from this and other independent experiments (Fig 2A and data not shown). This
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suggests that the increased catalytic efficiency (defined by kcat/KM) of Δ55 hNTH1 on the
Tg substrate over DHU is a combined effect of increased affinity and kcat values,
amounting to an ~ 10-fold higher efficiency on Tg substrates compared to DHU.

The kinetics of lesion processing in a stretch of nucleosomal DNA that has transiently
lifted off from the histone octamer can be compared to processing on naked DNA, the
rate limiting step being the intrinsic rate of nucleosomal site exposure by partial
unwrapping. To test the hypothesis that processing of an inward-facing Tg on the
nucleosome would be more efficiently cleaved compared to an identically oriented DHU,
we incubated lesion-containing nucleosomes or their respective naked DNA with
increasing concentrations of the wild type or Δ55 hNTH1, as indicated in Ch3-Figure 2B
and C. Consistent with our prediction, processing of the sterically occluded Tg-46 lesion
on nucleosomes was more efficient compared to the DHU-46 lesion, at lower
concentrations of hNTH1. However, as enzyme concentrations were increased to above
the estimated Kd for DHU, processing of both lesions were similar (Figs 2B and C). The
relative cleavage profiles of the two nucleosomal lesions were found to be similar with
both the full-length and Δ55 hNTH1 (Ch3-Figure 2B and C). The Δ55 hNTH1 however,
displayed much greater cleavage on both lesions compared to full-length hNTH1 that
might be accounted for by enhanced turnover in the N-terminal truncation mutant. Roy
and co-workers have demonstrated that the hNTH1 N-terminal tail is involved in product
binding and subsequent inhibition of enzymatic turnover and consistent with this,
truncation of the N-terminus led to a 4-5 fold increase in enzymatic turnover (Liu & Roy,
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2002). Importantly, such increased processing of occluded nucleosomal lesions by Δ55
hNTH1 did not involve complete nucleosome disruption, as evidenced by absence of
accumulating free naked DNA in gel-shift assays, nor did it involve nucleosome sliding
or translocation as seen from restriction endonuclease protection studies (data not
shown).

To investigate the nucleosomal cleavage dynamics of sterically occluded Tg versus DHU
lesions we incubated Tg-46 or DHU-46 nucleosomes or their respective naked DNA,
with increasing concentrations (2, 15 or 75 nM) of Δ55 hNTH1 as indicated in the figure
legend (Ch3-Figure 3). Overall, processing of the Tg-46 lesion was more efficient
compared to the DHU-46 lesion. Consistent with the results in Ch3-Figure 2 B and C,
enzyme concentrations of 2 nM, around (or below) Kd for Tg and far below Kd for DHU,
resulted in greater cleavage of the inward-facing Tg over DHU (Ch3-Figure 3A).
Increase in enzyme concentration to 15 nM resulted in greater processing of DHU (Ch3Figure 3B) that approached cleavage extents of the Tg lesion at 75 nM enzyme (above
the Kd for DHU; Ch3-Figure 3C). The Δ55 hNTH1-mediated processing of the sterically
occluded Tg and DHU lesions exhibits a biphasic cleavage profile. Based on the
estimated affinity of Δ55 hNTH1 for the two lesions and the distortive nature of Tg, we
hypothesize that the amplitude of the initial burst reflects the population of nucleosomes
already in a partially unwrapped state at time t=0. As seen in Ch3-Figure 3, the
magnitude of this burst is greater for Tg than for DHU that might be reflective of Tginduced helix distortion and consequent destabilization of histone DNA interactions and
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greater unwrapping frequency (Kung & Bolton, 1997). The slope of the initial burst is
likely a function of affinity or catalytic efficiency of Δ55 hNTH1 for the particular lesion.
In the presence of 2 nM Δ55 hNTH1 we observed an ~9 fold higher initial burst phase
slope for Tg compared to what was measured for DHU (Ch3-Figure 3A). This is
consistent with our estimates of Δ55 hNTH1 catalytic efficiency (kcat/KM) for Tg versus
DHU. At 15 nM and 75 nM enzyme concentrations, the measured initial slope of DHU
substrates was only 3-fold reduced compared to corresponding Tg nucleosomes. The
second and more gradual part of the biphasic curve is representative of the intrinsic
unwrapping rate of the lesion-containing nucleosomes coupled with capture and
processing by the enzyme. Thus this slope is likely reflective of the frequency of partial
unwrapping influenced by any lesion-induced distortion as well as affinity of enzyme for
the particular lesion. Measured values for this second slope increased ~1.4 fold for Tg
and ~ 5-fold for DHU lesions when enzyme concentrations were increased from 2 nM to
15 nM, possibly reaching an upper limit of unwrapping that was found to increase very
marginally (1.2-1.3 fold) in the presence of 75 nM enzyme.

APE1 can capture sterically occluded lesions in partially unwrapped DNA. To
determine if other enzymes in the base excision repair pathway can also access occluded
lesions via capture during partial unwrapping of nucleosomal DNA, we performed time
course experiments with APE1 and nucleosomes containing the AP site analogue, furan,
at the –46 (facing in) and –51 (facing out) positions in the nucleosome (Ch3-Figure 4).
The nucleosomal data in this assay has been expressed relative to the cleavage observed
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on its corresponding naked DNA. This was done to facilitate comparison between the F46 and F-51 constructs that display differing maximum extents of cleavage on the naked
DNA (~80% and ~35% respectively), under the conditions of the assay. This discrepancy
in cleavage could be attributed to different sequence contexts. As observed in Ch3Figure 4, APE1 could process the outward-facing furan F-51 much more efficiently than
the F-46 lesion that faces in toward the histone octamer. Notably, processing of both
lesions improved with increase in APE1 concentration (1 and 10 nM). The increase in
cleavage of the outward-facing F-51 may be an outcome of a dual mechanism of access
and cleavage. A proportion of the F-51 lesion may be rotationally oriented away from the
histone octamer such that direct binding and cleavage by APE1 might occur. However,
minor rotational variants that differ in positioning by ~35 degrees may be less accessible
to direct enzyme binding and likely become accessible during periodic cycles of partial
unwrapping of nucleosomal DNA from the histone octamer core. The inward-facing F-46
residue is predicted to become accessible mainly via partial unwrapping mediated site
exposure as seen from low levels of cleavage with 1 nM APE1 which increases more
than 2.5 fold in the presence of 10 nM APE1. APE1-mediated processing was not
associated with complete unwrapping and release of nucleosomal DNA as visualized in
native gels, consistent with enzymatic access of inward-facing lesions via partial
unwrapping (data not shown).

DISCUSSION.
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In our previous study, we demonstrated that hNTH1 can process nucleosomal lesions
with their minor groove facing toward the histone octamer without complete unwrapping
of nucleosomal DNA and that the efficiency of such processing improved with increasing
concentrations of enzyme. In this study, we went on to test additional explicit predictions
to test the unwrapping hypothesis. We show that processing of the inward-facing Tg-46
lesion does not require or involve nucleosome translocation. Adopting what we known
about kinetics of enzyme action on naked DNA we predicted that processing of sterically
occluded lesions on nucleosomes would be a function of the enzyme affinity for the
particular lesion. This hypothesis makes the assumption that processing of lesion in an
exposed or unwrapped stretch of nucleosomal DNA will resemble processing kinetics on
naked DNA. Indeed the higher affinity Tg-46 (inward-facing) lesion was processed more
efficiently compared to the identically positioned DHU-46 lesion by Δ55 hNTH1, at
enzyme concentrations that were clearly below the Kd for DHU. At higher enzyme
concentrations, the DHU processing efficiency was found to approach that of Tg. APE1
that in a mechanism similar to DNA glycosylases, recognizes its AP site substrates via
minor groove interactions, was also found to exhibit increasing cleavage of sterically
occluded furan residues in nucleosomes as a function of enzyme concentration. This is
suggestive of more efficient lesion capture during cycles of partial unwrapping, such
capture being more efficient at higher concentration of enzyme.

Widom and colleagues conducted measurements of the kinetics of site exposure along the
length of nucleosomal DNA and reported that the equilibrium constant for site exposure,
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defined by Keq, decreases as a function of distance from the nucleosome edges. The
measurement of non-zero Keq values even at the dyad center of the nucleosome is
suggestive that even this central and east accessible region of nucleosomal DNA can
become exposed although very transiently and infrequently compared to sites at the
nucleosome edges (Polach & Widom, 1995). Li et al. have demonstrated that addition of
increasing concentrations of the LexA DNA binding protein to nucleosomes containing a
buried LexA binding site can drive an increasing proportion of nucleosomes into a
partially unwrapped state. In these studies, nucleosomal DNA was found to lift off
considerably from the surface of the histone octamer increasing the distance of the 5’ end
of DNA from the histone octamer (Li & Widom, 2004). Earlier studies conducted by our
lab have shown that HSF can access heat shock elements rotationally positioned facing
toward the histone octamer via partial unwrapping. This study provided direct evidence
of exposure of 30-40 bp DNA from the nucleosome edge providing access for HSF
binding (Geraghty et al., 1998). Hence, these observations are suggestive that partial
unwrapping of nucleosomal DNA can provide a stretch of near naked DNA-like region
that may facilitate binding of DNA regulatory proteins. This prediction involves a
simplifying assumption that the closely situated histone octamer does not impede capture
of sequences that have been exposed by partial unwrapping. It should however be
remembered that there can be unknown effects of the histone octamer on capture of
otherwise buried sites in partially unwrapped DNA.
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The observation that both hNTH1 and APE1 can capture sterically occluded lesions in
nucleosomes in the partially unwrapped state, suggests that this mechanism of site
exposure can facilitate access of both passive and active binding proteins to buried
sequences in nucleosomes. We propose that DNA regulatory proteins such as
transcription factors may capitalize on this intrinsic behavior of nucleosomes allowing for
binding and downstream recruitment of chromatin modifying or remodeling proteins
resulting in more profound changes in nucleosome structure to facilitate DNA processes.

We have shown here that the BER enzymes hNTH1 and APE1 can access their buried
lesions in nucleosomes during periodic cycles of partial unwrapping of nucleosomal
DNA from the histone octamer core. The dynamics of processing of nucleosomal lesions
can be dissected to a degree given the knowledge of lesion processing on naked DNA.
Our study suggests a role for the nature of the lesion as well as enzyme affinity for lesion,
in productive capture and processing during episodes of partial unwrapping.
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FIGURE LEGENDS
Ch3-Figure 1. (A) hNTH1 processing of an inward-facing Tg residue improves with
enzyme concentration and processing does not involve nucleosome translocation.
Nucleosomes containing Tg-46 or the Tg-51 lesion, or corresponding naked DNA, were
incubated with increasing concentrations of hNTH1 (~1, 2.4, 4.8, 7.2, 9.6, 12, 24, 48 and
96 nM active enzyme) and at a final substrate concentration of 0.54 nM, at 37 C for 30
min. Reactions were stopped with 0.1 N NaOH, boiled and loaded on to denaturing gels.
Solid and dotted lines represent naked DNA and nucleosomal reactions, respectively. Tg51 nucleosomes and naked DNA are represented by solid and open triangles,
respectively. Tg-46 nucleosomes and naked DNA are represented by solid and open
circles, respectively. Reactions were done in triplicate. All naked DNA reactions were
conducted in the presence of equivalent amounts of donor chromatin to simulate
nucleosomal buffer conditions. All nucleosomal data have been corrected for the small
amount of naked DNA contaminating the nucleosomal preparations. The scale on the
abscissa represents active enzyme concentrations.
(B) This figure presents a restriction map of the 184 mer nucleosomal DNA with the 5’
32

P label on the lesion-containing strand. The Tg-51 and Tg-46 lesion sites are
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represented as stars. The solid oval denotes the predominant translational position as
determined by restriction endonuclease protection studies.
(C ) Tg-46 lesion-containing nucleosomes or naked DNA were incubated with restriction
endonucleases as indicated, in ~50-fold overdigestions in the presence or absence of 48
nM (active) hNTH1, at 37 C for an hour. Reactions were stopped with formamide load
buffer and loaded onto 12% denaturing gels for Bam HI, Psi I and Dra I reactions while
the Xba I and Pst I reactions were loaded onto 6% denaturing gels. The percent
nucleosomes cleaved by restriction endonuclease or hNTH1 is indicated above the gels.
Solid arrowheads indicate the positions of restriction endonuclease products while
migration of the uncleaved substrate (184 nt) and hNTH1 product (35 nts) are indicated
by arrows. The reaction in lane 1 indicates control reactions with nucleosome or naked
DNA incubated with only hNTH1. The naked DNA was digested almost to completion as
seen in the bottom panel. The cleavage data from nucleosomal substrates were corrected
for the small amount of contaminating naked DNA in the nucleosomal preparations.
(D) Tg-51 lesion-containing nucleosomes or corresponding naked DNA were treated with
restriction endonucleases in the presence or absence of hNTH1 as in Ch3-Figure 1C and
run on denaturing gels. The extents of cleavage on the nucleosome are indicated above
the gels. Arrowheads indicate restriction cleavage products and the migration of
uncleaved substrate (184 nt) and hNTH1 cleavage products (30 nt) are denoted by
arrows.
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Ch3-Figure 2. Tg is a more preferred lesion than DHU. (A). Δ55-hNTH1 glycosylase
rates on Tg or DHU –containing 184mer substrates derived from individual single
exponential decay curves were plotted against enzyme concentration. The data for Tgcontaining DNA was derived from experiments performed with 184 mer naked DNA
substrates containing Tg at either the –46 or the –51 position. Rates determined on the
Tg-46 and Tg-51 naked DNA substrates are represented by squares and circles,
respectively. The DHU data, represented by triangles were derived from reactions
conducted with the DHU-46 - containing naked DNA substrate. Reactions were
performed at a substrate concentration of 0.57 nM and enzyme concentrations as
indicated, in the presence of donor chromatin, so that any estimates of rate constants
would be representative of nucleosomal reaction conditions.
(B and C) Tg-46 (data shown in Ch3-Figure 1A) or DHU-46 nucleosomes or their
corresponding naked DNA were incubated with increasing amounts of wild type hNTH1
(B) or Δ55 hNTH1 (C), at 37°C for 30 min. Reactions were stopped with 0.1 N NaOH,
boiled and loaded onto denaturing gels. Solid lines represent nucleosomal reactions and
the dashed lines are naked DNA. Solid and open circles represent Tg-46 nucleosomal and
naked DNA reactions respectively. The DHU-46 nucleosome and naked DNA reactions
with wild type hNTH1 are shown by solid and open squares, respectively. The DHU-46
nucleosomal and naked reactions conducted in the presence of Δ55 hNTH1, are
represented by solid and open diamonds, respectively. The data in (2B) represents the Tg46 substrate data shown in Ch3-Figure 1A compared with hNTH1 reactions on DHU-46
nucleosome or naked DNA. All data points in (2B) were collected in triplicate with the
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exception of the 96 nM hNTH1 reaction with DHU-46 naked DNA. The Tg-46 substrate
reactions with Δ55 hNTH1 in (2C) were performed in triplicate.

Ch3-Figure 3. Biphasic dynamics of processing of occluded lesions in nucleosomes.
Nucleosomes containing sterically occluded Tg-46 or DHU-46 lesions, or their
corresponding naked DNA (0.57 nM), were incubated with 2, 15, or 75 nM active Δ55
hNTH1 (shown in 3A, B and C, respectively) and aliquots were plunged into 0.1 N
NaOH at various time points as indicated, boiled and loaded onto denaturing gels. The
substrate and product bands were quantified by phosphorimagery and plotted as a
function of time. The naked DNA curves have been omitted in these graphs for sake of
clarity. The Tg-46 nucleosomal data are represented by solid circles while the DHU-46
nucleosomal data are denoted by solid diamonds. All reactions were done in triplicate
with the exception of the DHU-46 nucleosome with 2 nM enzyme where two sets of data
were obtained.

Ch3-Figure 4. APE1 processing of lesions increases with enzyme concentration.
Nucleosomes containing furan residues at the –46 (facing in) or –51 (facing out) position,
or corresponding naked DNA (0.57 nM), were incubated with increasing concentrations
of APE1 in the standard reaction buffer supplemented with 10 mM MgCl2 (as described
in the Methods), at 37 C for varying lengths of time, as indicated. Reactions were stopped
with formamide loading buffer and loaded onto denaturing gels. Substrate and product
bands were quantified by phosphorimagery and plotted against time. Nucleosomal data
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are indicated by solid lines and symbols, while dotted lines and open symbols
(corresponding to respective nucleosomal symbol) represent naked DNA reactions. The
F-46 reactions incubated with 1 nM or 10 nM APE1 are indicated by triangles or
diamonds, respectively. The F-51 data with 1 nM or 10 nM APE1 are represented by
circles or inverted triangles, respectively. Nucleosomal data were analyzed and corrected
for the small amount of contaminating naked DNA in nucleosomal preparations, as
described in the Methods.
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Ch3-Figure 1 hNTH1 processing of an inward-facing Tg residue improves with

enzyme concentration and processing does not involve nucleosome translocation.
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CHAPTER 4

Conclusions and Future directions
This thesis has outlined evidence that intrinsic nucleosomal dynamics can
facilitate the first two steps in base excision repair. However, we speculate that efficient
processing of sterically occluded lesions and lesions positioned closer to the nucleosome
dyad require additional help of chromatin modifying and / or remodeling proteins [c.f.
(Gontijo et al., 2003). We find that processing of outward-facing lesions at certain
positions on the nucleosome occurs almost as efficiently as on naked DNA, however, this
could be an exception and a vast majority of nucleosomal lesions might require some
mechanism of nucleosomal DNA exposure for efficient processing. Nevertheless,
intrinsic nucleosomal dynamics involving the transient, spontaneous release of
nucleosomal DNA has been shown to also facilitate access by transcription factors and
other DNA binding proteins to sequences buried in nucleosomes (Polach & Widom,
1995; Geraghty et al., 1998; Anderson et al., 2002; Li & Widom, 2004; Li et al., 2005;
Tomschik et al., 2005; Prasad et al., 2007). Partial unwrapping of nucleosomal DNA may
also account for the ability of certain exonucleases and RNA polymerases to access
nucleosomal DNA and for the finding that DNA ligase I can function on nucleosomes,
despite the fact that it fully encircles DNA (Lorch et al., 1987; Kirov et al., 1992;
Studitsky et al., 1997; Chafin et al., 2000; Pascal et al., 2004).
Another possible mechanism for site exposure is nucleosomal translocation or
sliding that could occur via recapture of partially unwrapped DNA at a different site on
the histone octamer leading to a translational shift. The role of such spontaneous
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nucleosome translocation in facilitating DNA processes is largely unknown. Yet another
means of access to nucleosomal DNA is direct binding to DNA on the surface of the
histone octamer, which has been demonstrated for a few transcription factors including
the glucocorticoid receptor and heat shock factor (Perlmann & Wrange, 1988; Pederson
& Fidrych, 1994). Conceivably, many proteins may be able to bind DNA elements on the
surface of the nucleosome directly, provided that these are appropriately oriented relative
to the histone octamer. Consistent with this, we found that hNTH1 processing of an
outward-facing Tg involved formation of a slower migrating enzyme-nucleosome ternary
complex as visualized on native gels. Analysis of this super-shifted complex revealed
presence of both processed and unprocessed DNA. More efficient complex formation
was observed at 25°C than at 37°C consistent with higher enzyme turnover rates at 37°C.
Also, the absence of complex accumulation over time suggests that this is a processing
intermediate rather than a dead-end complex (Prasad et al., 2007). Moreover, the slower
migrating enzyme-nucleosome ternary complex failed to accumulate to detectable levels
in reactions conducted with hNTH1 mutants that exhibit higher than normal turnover
rates. As well, the addition of increasing amounts of APE1 correlated with disappearance
of the hNTH1-nucleosome ternary complex, strongly indicating that the complex
represents a quasi-stable enzyme-nucleosome processing complex [Barbour et al. in
preparation]. We propose that processing of outward-facing lesions can occur by a
combination of direct enzyme binding to nucleosomal surface and capture during
episodes of partial unwrapping. Processing of lesions facing toward the histone octamer
will primarily rely on capture during exposure of stretches of nucleosomal DNA. The rate
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of dynamic partial unwrapping is influenced by the nucleosomal DNA sequence and
stronger nucleosomal positioning elements have been shown to be associated with much
reduced site exposure (Anderson & Widom, 2000). Our studies comparing the processing
of Tg and DHU-containing nucleosomes where the minor groove of the lesion faced
toward the histone octamer, indicate that capture of lesion in partially unwrapped DNA
improves with enzyme affinity for lesion. The frequency of DNA unwrapping may also
be a function of the extent of lesion-induced distortion, where more distorting lesions
could destabilize histone-DNA interactions, leading to increased unwrapping frequency
[Prasad et al. in preparation 2008].
There are several unanswered questions that will guide further research in this
area. It will be interesting to know if the nucleosome retains stoichiometric amounts of
the core histones during and after processing by hNTH1. Indeed, certain transcription
factors (e.g. Gal4) have been shown to destabilize histone octamers and, in the presence
of a remodeling factor, will facilitate nucleosome disruption. It is known that the later
steps in BER are severely impeded by nucleosomes. Binding of protein factors to
unwrapped nucleosomal DNA has been shown to exhibit cooperative behavior with the
binding of one factor facilitating the binding of the second factor to a nearby site on the
same nucleosome. Hence, it will be important to determine if the prior binding of hNTH1
and APE1 to lesions helps recruit POL β to a partially unwrapped nucleosome, thereby
facilitating efficient repair synthesis.
Another unexplored area is the processing of clustered oxidative lesions on
nucleosomes and its implications for radiation therapy. Attempted repair of lesions on
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opposite strands of duplex DNA can potentially lead to highly cytotoxic double-strand
breaks. The implications of attempted BER of clustered lesions on adjacent gyres of
nucleosomal DNA are not known and may involve deletion of large, ~80 bp segments of
nucleosomal DNA. The analyses of oxidative damage repair using yeast or human cell
extracts in combination with mutational or RNAi studies may help elucidate the identity
of as yet unidentified BER accessory proteins and chromatin remodeling or modifying
factors that facilitate efficient base excision repair in vivo. The function of the
unstructured N- or C-terminal tails found in many eukaryotic DNA glycosylases remains
largely unknown. These unstructured tails have been found, in some cases, to act as
protein binding platforms as or dimerization interfaces. Specifically, the N- and Cterminal tails of MYH are involved in interactions with RPA and PCNA, respectively
(Parker et al., 2001). The hNTH1 N-terminal tail is involved in concentration-dependent
homodimerization and is also implicated in product binding (Liu et al., 2003). Affinity
pull down studies with the hNTH1 N-terminal tail may reveal additional interaction
partners including possible interaction with histones. In the long run, it would be exciting
to crystallize a DNA glycosylase in complex with a lesion-containing nucleosome that
could elucidate the mechanism of operation of glycosylases on a biologically relevant
substrate in eukaryotes.
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CHAPTER 5: APPENDIX A

UDG assays on nucleosomes. Nucleosomes containing uracil at position –46 (facing
toward the histone octamer) or –51 (facing away) were incubated with EcUDG (NEB) in
a marginal (~1.6-fold) enzyme excess, for the time periods as indicated. Corresponding
naked DNA reactions were performed in the presence of donor chromatin to simulate
nucleosomal reaction conditions. A nominal ~2-fold reduction in initial cleavage rate was
observed with the U-51 lesion on the nucleosome compared to its corresponding naked
DNA, however, processing (initial rate) of the U-46 lesion was ~70-fold reduced (Ch4Figure 1). The non-distorting nature of uracil and / or the prokaryotic source of the
enzyme might account for the large differences observed between the outward versus the
inward-facing lesions. Studies by Beard et al. (Beard et al., 2003) using hUDG revealed a
~10 fold reduced initial rate of cleavage on the nucleosome compared to naked DNA,
when the uracil was positioned close to the dyad and facing away from the histone
octamer. With a lesion positioned facing toward the octamer, they observed a ~30 fold
reduced rate of cleavage. The ~35 fold difference we observe between outward and
inward-facing uracil lesions is in contrast with the ~3 fold difference observed by Beard
et al.. This difference could be accounted for by differences in translational position of
the lesions in the two studies and / or the prokaryotic versus eukaryotic origin of the
enzyme. The greatly reduced rate of cleavage of the inward-facing uracil in both cases, is
probably consistent with the non-distorting nature of uracil and the hypothesis that
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distorting lesions might enhance frequency of partial unwrapping of nucleosomal DNA.
This assay was performed just once and hence may need to be repeated.

Assays to determine hNTH1 affinity (Kd) for Tg and DHU lesions. Time course
assays were performed using various concentrations of full-length or Δ55 hNTH1and
reactions were stopped with 0.1N NaOH to measure glycosylase rates. The rates derived
from individual single exponential decay curves were plotted against enzyme
concentration as shown in Ch4-Figure 2. Consistent with earlier reports, full-length
hNTH1 exhibits non-Michaelis Menten kinetics with cooperativity in product formation.
Similar assays were performed using the Δ55 hNTH1 (to reduce dimerization and
associated cooperative behavior) that however, still displayed residual cooperativity [also
reported by Roy and colleagues (Liu et al., 2003)].
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Ch4-Figure 1
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